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Abstract

A three axis inertial system is packaged in an Apolla gimbal fixture for fine

grain evaluation of strapdown system performance in dynamic environments., These

evaluations have provided information to assess the effectiveness of real-time

compensation techniques and to study system performance tradeoffs to factors such

as guantization and iteration rate, The strapdown performance and tradeoff studies

conducted in this program include:

Compensation models and techniques for the inertial instrument first-
order error terms were developed and compensation effectivity was
demonstrated in four basic environments; single and multi-axis slew,

and single and multi~axis oscillatory.

Thetheoretical coning bandwidth for the first-order quaternionalgorithm
expansion was verified. The pseudo coning bandwidth was measured
and identified to bea combined functionof the attitude algorithm's coning
bandwidth and the OA coupling compensation algorithm's bandwidth.

Gyro loop quantization was identified to affect proportionally the system

attitude uncertainty,
Land navigation evaluations identified the requirement for accurate

initialization alignment in order to pursue fine grain navigation

evaluations.
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1.0 Introduction

Characteristic of strapdown inertial guidance systems is the measurement of
specific force and angular rate inputs in the vehicle coordinate frame. Hence, the
gyroscopes and accelerometers encounter the full dynamic environment imposed
by the controlled vehicle's maneuver s and motions. To maintainaninertial reference
frame, algorithms are implemented in a digital computer to process the gyro and
accelerometer data., The data inputs as sensed by the inertial instruments include
errorsasaresult of the instrument's physical characteristics, These errors result
from factors such as scale factor linearity and inertia response, the mechanization
of the torque-to-balance loops (gquantization effects)) and the bandwidth of the
algorithms. The dynamic errors can be compensated provided that an error model

can be defined for implementation in a general purpose mini-computer.

The objective of the program described in this report was to effect a fine
grain test evaluation of a strapdown system in a dynamic environment to assess
the effectivity of instrument error compensation techniques and system performance
respbnse to different algorithm iteration rates and quantization effects, To achieve
this program objective a test facility was developed that enabled the introduction of
a broad spectrum of multiple axis slew and oscillatory inputs to an experimental
three axis gyro and accelerometer strapdowntest package. The package was operated
in real time with a general purpose mini-computer that included extensive
compensation and strapdown algorithm software. Using this capability and cor-
responding software models a wide band performance evaluation of the torque-to-
balance strapdown mechanization was effected. The resultant test and trade-off
performance findings presented in the body of this report provides a fuller ap-
preciation of the strapdown error propagation characteristics and identifies the
opportunities for further strapdown system refinements and advanced software

development.

The program objective has been fulfilled through the accomplishment of the
following specific tasks as stipulated in the contiract work statement ! : 1) the
assembly of a three axis inertial component strapdown unii consisting of three size
18 Inertial Rate Integrating Gyroscopes (18 IRIG), and three size 16 Permanent
Magnet Pulsed Integrating Pendulums (16 PM FIP) and packaged within an Apollo
Block I gimbal system (IMU#5), The gimbal system was modified to accept slew,
oscillatery and other angular functional dynamic inputs via control of the gimbal

torque motors to the instrument package, 2} the development of a test facility to



support the strapdown unit testing consisting of the electronics necessary for test
operations, a Block I IMU modified o accept the package in place of the stable
member, an Apollo rotary test station for accurate positioning of the IMU fixture
with respect to gravity and earth rate inputs, and a computer for on-line real-time
operation with the strapdown inertial unit, 3) the development of suitable software
necessary for dynamic testing including calibration, and real-time instrument.
compensation algorithms and, 4) the development and conduct of a test program
sufficient to evaluate strapdown system performance and the effectiveness of

compensation in a dynamic environment.

In fulfillment of the above tasks,the program's accomplishments included: 1)
the implementation of a test facility consisting of the dynamic gimbal test fixture,
the threeaxis strapdown package with its supporting electronics (torque-to-balance
loops, ete.) interfaced with the H316 mini-computer and the automatic test control
electronics, 2) the development of analytic error models and software compensation
routines that included: compensation for gyre errors such as gyro scale factor
linearity, misalignment, Output Axis coupling, anisoinertia, Spin~Reference Axis
cross-coupling, major anisocelasticity, bias and g-sensitive drift terms, and ac-
celerometer scale factor, misalignment and bias. In addition higher order ac-
celerometer models were evaluated using a least square technique operating on
multi-position accelerometer test data, 3) implementation of full parameter
compensationalgorithmsat three iteration rates; 100,50, and 25 updates per second,
4) implementation of a third order quaternion expansion algorithm {without the cross
product term) and an inertial referenced land navigator at three iterative rates;
100,50, and 25 iterations per second, 5} calibration software for automatic static
and dynamic parameter calibration, gimbal alignment certificationand average float
hangoif measurement, 6) the implementation of software for system diagnostic testing,
data management, transfer, storage and analysis., 7) initiation of a broad base test

program to evaluate:

Static and dynamic parameter calibration
Pseudo coning

SRA cross coupling and anisoinertia
Scale factor linearity

Pulse bursting

Coning

Quantization tradeoff

Fmomm e oo onT o

Algorithm iteration rate

==

Land navigation performance with tradeoff studies

1-2



This report describes in Section 2 the test facility and Section 3 discusses
the inertial instruments and the appropriate error models, Section 4 discusses
calibration, compensation and navigation software. Section b presentsthetest results
including calibration statistics, bandwidth, quantization, compensaﬁon studies and
navigation results. Also presented and discussed are the results of the 'least
squares' accelerometer data evaluations. Volume II of this report contains the

security classified accelerometer calibration data (confidential},

1-3



Page intentionally left blank



mEp

~ ELECTRONICS

I Nt

Fig. 2.1.2 SPOT TEST FACILITY.



2.2 Strapdown Instrument Test Package

The strapdown instrument test package is a three (3) axis inertial system
mounted in a three (3) degree-of-freedom gimbal system, The gimbal system used
is the prototype gimbal system for the Apollo Block II configuration, The strapdown
iest fixture capabilities and parameters are defined in Appendix A,

The inner member is an aluminum frame, fabricated as a part of the inertial

subsystem Structure Mounted Attitude Reference Test Studies (SMARTS) Task II of

contract NAS 9-68232. The frame form factor is designed to replace the stable

member of a prototype Apollo Block II gimbal configuration for the dynamic evaluations
required in the current contract (modification 11 of contract NAS 9-6823),

Mounted on the aluminum frame are the gyros and accelerometers with their
complement of pre-amplifiers and temperature controllers, a dual axis rate
transducer (DART), two optical reference cubes, and frame mounted temperature
sensors, (Figures 2,2,1 and 2,2,2))

The gyro used in the strapdown package, the 18 IRIG Mod B is a single-degree-of-
freedom integrating rate gyro specifically developed for the strapdown application.:
It has a permanent magnet torguer that is sized to be compatible with rates up to a
radian per second. A description of the gyro is included in Section 3.2,

Each gyro is mounted in an adjﬁstable alignment mounting assembly to allow
freedom of adjustment of the gyro Input Axis about the Output Axis and Spin Reference
Axes. Each gyroelectronics complement includes individual temperature controllers
and float suspension adjustment electronics, The signal generator (SG) pre-amplifier
conditions the gyro output for reliable transmission through the gimbal slip rings
to the pulse torque electronics, The pulse torque electronics are mounted on the
rotary test table to minimize the distance {rom the gyro, Operationally, the pulse
torque electronics provides a closed loop control of the gyro to maintain the gyro
float at its null position. The gyro torque pulses (A9) represent angular increments
and are transmitted to the H316 mini-computer for data processing and analysis.
In addition to the pulse torque electronics, the SG output is encoded into six(6)} bits
of digital data by the interpolator for float hangoff measurements and finer attitude
quantization.

The accelerometer used. in the strapdown package is the 16 PM PIP, a
single-degree-of-freedom pendulous integrating specific force receiver. The ac-
celerometer is designed to operate in a closed-loop torque-to-balance mode. A
description of the accelerometer is included in Section 3.1,

2-4
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Each accelerometer is supported on the aluminum frame by an alignment and
mounting ring to enable freedom of adjustment of the accelerometer's Input Axis
about the Qutput Axis and the Pendulous Reference Axis., In addition, the mounting
ring contains the heater elements to maintain the accelerometer at operating
iemperatures. The mounting ring is separated from the aluminum frame with a
1/16 inch thick MYCALEX shim to provide thermal isolation from the aluminum

frame.

A Mu metal shroud that usually encases the accelerometer body for magnetic
field insulation was removed to allow clearance of the accelerometer through the
aluminum frame mounting hole, Mu metal shielding was installed elsewhere on the
inner frame to isolate the accelerometers from the gimbal torque motor magnetic
fields.

The accelerometer electronics complement includes a proportional
“temperature controlier and suspension adjustment hardware, A pre-amplifier
conditions the accelerometer's signal generator (SG) output for transmissionthrough
the slip rings to the pulse torque-to-balance electronics, The torquing electronics
pulse restraints the accelerometer float toitsnull positionand furnishes incremental

velocity data to the 316 computer,

A dual axis rate transducer (DART) is installed on the aluminum frame to
inhibit the gimbal torque motor driving electronicsin the event of a gimbal runaway.
Under conditions of gimbal runaway it is possible that the wheel bearing rate capability
of the 18IRIG MOD B gyro will be exceeded, and a catastrophic wheel-touchdown
failure will occur, The DART insirument (a Northrop Nortronics component) is a
subminiature rate sensor thatuses a piezoelectric bimorph crystal element to detect
torgues within a fluid that rotates at 24,000 rpm. Gyroscope torque occurs from
the interaction of the body fluid rotation with angular rates applied about two input
axes. The output of the DART is a ac signal that is proportional in amplitude to
the vectorial sum of the two input excitations. An electronic assembly monitors
the DART output to provide noise filtering and signal sensing to inhibit the gimbal

drive loops at excessive rates.

Two optical reference cubes were installed on the aluminum frame to align
the strapdown body frame to an earth fixed reference frame. Optical sighting ports
were machined in the middle and outer gimbal hats for alignment purposes. The
optical cubes were useful for the initial package alignment and alignment stability
measurements, Once the accelerometer alignment was established, the alignment
io a reference frame was more efficiently determined from the accelerometer's

output,



The strapdéwn thermal designuses separate proportional temperature control-
lers for each inertial instrument. Thermal contreol is maintained by temperature
sensors that are wrapped around the inertial instruments case and heater coils
attached to the mounting fixture. Heat transfer from the inertial instriument is
directed through the aluminum frame to the outer case of the gimbal system. The
outer case temperature is cooled to 42°F by circulating glycol water through an
integral coolant loop machined in the Apolle IMU case. Fans in the outer gimbai
hat are included to reduce the thermal resistance between the strapdown system

and the cuter case,

The aluminum frame, on which the inertial instruments are mounted,
incorporated integral coolant channels for heat exchange purposes and were used
in the SMARTS test effort. In mounting the frame in a closed gimbal system, use
of this coolant heat exchange feature was not possible. The reduced heat iransfer
characteristics of the gimhal system represented adesign problem; however, rather
thaninitiating a comprehensive thermal design, the gyro operating point was shifted
upwards 10°F to 140°F and the accelerometer operating point was shifted downward
10°F to 130°F. The strapdown thermal model is given in Appendix A, Figure A-2,

The higher gyrooperating temperature reduces the gyroviscousfluid damping
coefficient. Damping coefficient reductions, increase the float time constant and
decrease the gyro transfer function between the angular input and the output float
displacement. The float time constant increase, reduces lhe pulse bursting threshold
and increases the float hangoff from its null position for a given Input Axis rate.

These changes were accounted for in the software modeling and torque-loop design.

The accelerometer temperature reduction does not affect . performance
significantly. The accelerometer permanent magnetic design includes two shunting
rings to minimize scale factor instabilities because of the magnet's temperature
sensitivities. These rings were effective at thereducedoperating temperature and
the measured scale factor instabilities were bounded by a couple of ppm, At lower
operating temperatures, the transfer gain between specific force inputs and output
float displacement is reduced. However, this effect is correcied by an adjustment
of the pulse torgue threshold,

2.3 Pulse Torque Electronics

Both the gyroscopes and accelerometers operate with ternary pulse torque
float restraining control loops. The function of the control loop is to apply torque

commands to the gyro or accelerometer torquer to maintain the instrument output
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axis at a null position. The loops are digital in nature; their outputs are pulses
representing an angular increment (Ag)about the gyro Input Axis or equivalent velocity
increments (AV) into theaccelerometer. This incremental informationis processed
by the various compensation, attitude, and velocity élgorithms to provide the package

attitude_with respect 1o an inertial coordinate frame,

Compensation circuits are included in the gyro loops to eliminate the "Pulse
Bursting"(3’4) azsociated with the gyro time constant, A gyro signal generator
(5G) output analog to digital convertor (interpolator) furnishes float position data
for finer quantization and float hangoff measurements, The accelerometer loops

do not have these ancillary electronics.

A simplified block diagram of the ternary pulse torque-to-balance control
loop with the gyro pulse burst compensation and the gyro signal generator (SG)
output interpolator is shown in Figure 2.3.1 (photograph Figure 2.3.2).

Because the gyro and accelerometer conirol loops are similar, only the gyro
loop will be used to explain itz method of operation. The control loop responds to
an input from the signal generator (SG)output. The SGoutputisa 9600 hertz sinuscidal
voltage that is proportional to the magnitude of the float angle displacement from
null, The phase of the SG output is a direct function of the angular directioﬁ of

rotation from the null position. A high narrow bandwidth preamplifier provides

~ample amplification and noise rejection for signal transmission through the gimbal

slip rings, Further amplification is achieved in the pulse torque electronics buffer
stage where the SG signal is phase shifted to assure maximum gquadrature rejection

with peak signal sampling.

Signal samplingis achieved with threshold level comparators. If the $G signal
does not exceed the threshold level, no output is emitted and no torque command is
generated. If the threshold level is exceeded, the interrogate logic determines the
phase of the SG signal and generates the appropriate torque command. Torque

commands, thereforeare applied inone of three states: positive, negative, or zero.

'This mode is identified as ternary.

A schematic, Figure 2.3.3,shows how the torque commands are generated ir_ll,_

the pulse torque switching network,
For illustrative purposes, mechanical rather than the actual semiconductor

switches are shown, The switch status is shown in the positive torque mode. Note
that the torquing polarity is set by an H switch feeding current in the plus or minus
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direction of the winding. Switch 55 operates so that current flows through either a

dummy load or the torque winding,

The dummy load is a noninductively wound resistor approximately equal to
the same resistance as the gyro torque winding mounted outside the torque electronics.
The switch Sg selects either command torquing (set position) or durmmy load (reset
position). Repgardless of the torque-command state, the same current is fed into
the scale-factor resistor. The voltage across this resistor is compared with a
precision voltage reference at the input of a high-pgain de amplifier. The amplifier
is part of a control loop that maintains a precise, direct current level, Note also
that an RC network shunts the torque coil. It tunes the coil so that the load seen by

the switches and current source is purely resistive.

The control of the set-reset switch 85 in Figure 2,3,3 is clock synchronized
to apply torque current as discrete pulses of fixed width. In each interrogation
cycle, the clock issues interrogaie, set and reset pulses defined in Figure 2,3.4.

The iime between the set and reset switching pulsesisadjusted in 6,5us increments,

Interrogate N ]
( 4800 pps )

Reset ! |
( 4800 pps )

169. 2 us Gyroscope
71, 6 us Accelerometer
Set | I
( 4800 pps )

Fig. 2.3.4 Interrogate, Set and Reset Pulses.

The 535G output is sampled at each interrogate cycle to determine if a positive,
negative or no torque is required, If torque is required, 85 is transferred to the

set position by the set pulse and back to the reset position by the reset pulse.



Thus, at least a small fraction of each cycle is spent in the reset position. During
this time of zero current in the H switch, the torque polarity can be reversed if
required. If no torque is required, S5 remains reset and the torque current is

dissipated in the dummy load.

For this program, H

switch protection logic was designed to prevent the
simultaneous activation of switches Sl’ 82, 83 and 84. The torque command lines
are monitored to assure that positive and negative torque commands do not occur
together. If simultaneous detection is made, then the control loop is reverted to

the torquing state of the previocus interrogation cycle.

Operation in a binary loop mode may be achieved by suppressing the "no"
torquing state, In this case only two torquing states are generated, positive and
negative, If the torque threshold level is not exceeded, the previous interrogation

cycle's torque command is repeated.

The basic torque-loop parameters used for the majority of tests are listed
in Tahble 2.3. 1.

In the first half of the SPOT program, the gyro loops operated with 70ma
torquing current level and an 8 arc second loop quantization. The loop quantization
was satisfactory for fine grain strapdown evaluation, however, the dynamic
environment was rate limited to 0.2 radians/second, The dynamic environment
range was later extended to 0.8 radian/second witha gyro loop rescaling by doubling
both the torquing current and the torquing duty cycle., Hence, loop quantization was
increased to approximately 40 arc seconds per pulse which resulted in a larger

dynamic range,

The finer attitude quantization required for strapdown evaluation is achieved
with an interpelator, scaled such that its least significant bit is equal to one-eighth
ofa gyrotorque pulse (5 arc seconds). The interpolator provides attitude information
stored by the float within the pulse torque quantization, This interpolator information
is processed with the accumulated gyro torque pulses.

The interpolator is also used for float hangoff measurements, The selection
of the mode of gperation (attitude quantization or fioat hangoff measurement) is
computer controlled through the activationof Field Effect Transistor (FET) switches.
If the interpolator is to measure float hangoff, then the gyro 3G output is sampled
and converted toa digital representation, When the interpolator is used to quantize

data for altitude algorithm processing, a signal component equivalent to the pulse

2-14



Table 2.3.1

Torque Loop Parameters

GYROSCOPFPE
Interrogation 4800 PPS
Duty Cycle 81.3%
Torque Current 140 ma

Quantization

WITHOUT INTERPOLATOR DATA

- X Axis 35.6 s?c/pulse
Y Axis 45,1 é‘;c/pulse
X Axis 37.8 s/._e\c/pulse

WITH INTERPOLATOR DATA

. N
X Axis 4,5 sec/pulse
Y Axis 5.6 S"E-e\c/pulse
7 Axis 4.7 Sec/pulse

LOOP RATE CAPABILITY

X Axis 0. 83 rad/sec
Y Axis 1,06 rad/sec
Z Axis : 0. 87 rad/sec
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4800 PPS

35. 1%

73 ma

1 cin/sec/pulse
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burst compensation signal is subtracted from the gyro SG output priortointerpolator '
sampling. This signal processingis required because with pulse burst compensation,
a larger float hangoff results with a corresponding larger attitude component in the
gyro SG output. (See Section 3.2.) In addition, if a torque pulse is generated at the
time of sampling, then the interpolator's output is preset to eliminate the redundant
attitude information in the torquing pulse and the gyro float position. Figure 2.3.5
is the interpolator's block diagram, ’

The signal that is sampled by the interpolator is converted into a digital
representation with a voltage ramp comparison convertor., Data transfer to the
H316 computer is multiplexed over six (6) parailel lines into buffer registers.
Data transfer is controlled completely from the H316.

2.3.1 Pulse Burst Compensation(3’ 4)

A compensation network is incorporated inthe torquing electronics to suppress
pulse burst instabilities caused by inertia lags of the float response to torque
commands, The compensation scheme used is the single pole analog circuit that
anticipates the exponential movement of the float subsequent to the generation of a

torquing pulse,

Figure 2.3.6 is the float response to a 80% duty cycle torque pulse. Note that
during the first interrogation cycle only 26% of the total commanded float motion is
achieved. This fact establishes a pulse bursting threshold defined by the Input Axis
steady state rate that is 13% of the gyro full-on rate capability. Assume that at a
particular sampling time that the float is just below the torquing threshold. No
torquing pulses will be generated. At the next sampling period the float will be
approximately 13% above the torquing threshold and a torquing pulse will be
generated, The float sums the steady state input and the response to the torque
pulse, If the steady state rate is slightly above 13%, a second torque pulse will
also occur during the subsequent sampling period. Thus, two torque pulses have
been generated in response to an input that warrants only one pulse, If the steady
state rate is below 13%, pulse bursting will never occur.

2.4 Resolver to Digital Encoder

The resolver to digital encoder (RDE) converts the analog gimbal information
into seventeen (17) bits of digital data, The RDE output is used asan attitude reference
to compute system attitude errors, Seventeen bits are used to provide a 10 arc
second accuracy with a tracking capability up to one radian per second. The RDE
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design is based on the Apollo Coupling Data Unit (CDU) angle encoding concept
{sin{9-¢)). However, a sample and hold technique with higher bandwidth switching
was used to achieve linear 60%/sec tracking without two speed switching as in the
Apolle CDU, Field effect transistors (FET) replaced capacitor coupled transistor
switches and monolithic operational amplifiers replaced discrete components. Both

of these design changes increased the encoder's bandwidth,

Figure 2.4.1 is the functional diagram of the RDE, The RDE is a servo type
of analog-to-digital convertor that transforms resolver signals into digital data.
Digital conversion is completed in two steps. First the coarse section of the RDE

operates in a closed looped system to solve the equation:
Sin (0-{) = Sin@cos¢ - cosoSingy

Where
gimbal angle

“© D
1

incremental value of attenuation that is required to null the input signal,
¥ is dependent on the activation of specific combinations of FET switches
in series with gain adjusting resistors. The exact combination of FET

switch activation is determined by the RDE output.

The seven most significant bitsare used to nuil the coarse system
loop. Hence, a coarse null is first achieved within 2.80 of the actiual
gimbal position. Once a coarse null is achieved, the fine system is
activated to establish a null within 0.0035° of the gimbal position. This
is the second step of digital conversion. After a fine system null is

achieved, the output data is sampled and processed at the H316 computer,

2,5 COMPUTATIONAL FACILITY

2.5.1 Introduction

The SPOT computational facility comprises three separate, but interconnected
computer facilities: 1) a Honeywell H316 mini-computer isused for direct interface
and computational support of the strapdown test system, 2) a Honeywell DDP516
computer facility is used for software development and data storage, and 3) an IBM
360/75 computer facility for the sophisticated data processing, analysis, and plotting.
Figure 2.5.1 shows the major components of the SPOT computation facility and their
interconnection, This section discusses the H316 computer; its interface to the

strapdown system and utilization in conjunction with the DDP516 facility.
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The Honeywell H316 mini-computer is central to the SPOT test facility. It
controls the automatic calibration programs which permit overnight instrument
certification, Attitude and navigation algorithms enable the evaluation of the

strapdown dynamic performance,

Although the H316 mini-computer is adequate with its memory cycle time of
1.6 ys and a 16K word memory for the development and execution of the SPOT
programs, a serial link to the more powerful DDP516 facility was provided to

facilitate software development and enable access to mass storage.

The DDP516 computer with its complement of peripheral equipment such as;
disk storage, a CRT display, and a telephone data link, affords three distinet
advantages to the SPOT facility:

1, The 7 million word disk memory provides sufficient storage for the
full set of SPOT operating programs and test data. When an operational
program is required at the H316, the selected program is transferred
fromthe disk memoryunder program control through a serial data link

between the computers,

Test data is accumulated on the disk memory for later recall to

perform parameter computation and analysis.

2. Efficient software development is possible at the DDP516 facility using
the Sander's 720 CRT display, the mass storage, and a powerful set of
editing and debugging software. Since the instruction sets of the two
machines (316 and 516) are iden"tical, il is advantageous'to write and
debug the full complement of SPOT software on the DDP516 facility,

3. A Bell 201A data set links the DDP516 to the IBM 360/75 which allows
the transfer of formatted data to the 360/75 facility for computation,
compilation, statistical analysis and plotting.

As illustrated in Figure 2.5.1, all of the peripheral equipment supporting the
H316 mini-computer, including the serial data link, is connected by a single
input-output (I/O) bus line, The sequence and control of the peripheral equipment
is accomplished under program control with the combination of two methods: 1)
Input/Qutput instructions, and 2) a single level interrupt system,

The Input/Cutput instruction is the language used to communicate with the
peripheral equipment, The complete instruction repertoire is given in Appendix B,
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The second method of program control is achieved by a single level of interrupt
which allows any one of the pheripheral equipment to interrupt the computer's
processor. With priority decisions, the single line is capable of handling multiple
interrupts, It exercises this capability by interrogating devices (peripherals) one
at a time under program control until it finds the source of the interrupt. This
interrogation is generally done in order from the highest priority device to the
lowest. Since interrupts can be inhibited by the processor while the higher pfiority
device is serviced it is possible to share the single line among multiple device

interfaces.

The hardware thatinterfaces the H316 rﬁini-computer to the strapdown system
and to the DDP516 computer was designed and implemented in five main sections;
1) the serial data link between the H316 and the DDP516, 2) the interface to the
gyro and accelerometer pulse torque-to-balance loops, 3} the interface to the gyro
SG interpolator, 4) the interface to the resolver-to-digital encoder, and 5) the
interface necessary for computer controlled gimbal positioning. A discussion of

these interface designs now follows,

2.5.2 Serial Data Link

The serial data link is a synchronous, hard wire data link between the H316
and the DDP516. Theinterfaceisidentical, with minor modifications, to the Honeywell
supplied synchronous line convertor. Characters are transferred to the data link
interface from the computer I/O bus by bytes (8 bits each) in parallel where they
are converted to a serial form and clocked out to a matching interface in the other
computer. A series of synchronizing characters proceeds any transmission to identify

the beginning of the information characters,

2.5.3 Pulse Torque Electronics Interface

The net total of gyroand accelerometer pulsesare accumulated in six separate
8 bit up-down counters. The plus and minus Ag or AV lines for each axis are
‘separate but are combined as a single input to the up-down counter. The leading
edge of the incoming pulse on either the plus or minus line determines the counting
direction. The torque loops are mechanized such that pulses of both polarities will

never occur simultaneously.
An "output control pulse" initiates the pulse accumulation through clearing

and interface enabling functions, A preset timer register is enabled to count

interrogation pulsesand interrupt the computerin order to read accumulated torque
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pulses when the registér's countis full, With counter presets, the computer interrupt
is generated at any integral number of interrogate pulses up to 255. Thus, the
preset timer register is used to release the computer for other operations while

the torque pulses are being accumulated,

2.5.4 Interpolator Interface

The six (6) bit interpolator quantizes the gyro signal generator (SG) output
into 64 levels over a range of eight pulse torque thresholds. The interpolator-
computer interface is a single set of six parallel lines, The input lines to the
computer are buffered with a six (6) bit accumulator to isolate the transmission
lines from the address bus, Data transfer is initiatized with a test instruction to
determine that the interpolator is ready with valid information, An "output control"
pPulse then selects which of the three interpolator outputs (X, Y, or Z axis) is to
transmit. The interpolator information is directly added to the accrmulated gyro
pulses. No clearing function is required because the interpolator is reset at every

interrrogation cycle.

2.5.5 Resolver to Digital Encoder (RDE)

The 17 bit analog todigital converter quantizes the gimbal angular information
into 10 arc seconds increments. The RDE-computer interface consists of two sets
of 17 parallel lines with gating circuits at the computer to input data into the computer
register, Data transferis initiated with a test instruction to check for synchronism
between the RDE interrogation signal and the 800 pps timing signal, This check
establishesthe beginning of the RDE conversion cycle. After waiting 5 interrogation
cycles (1040 microseconds) to assure complete RDE analog to digital conversion,
an input instruction is used to gate the RDE output into the computer's register.
An inhibit line is also available to assure that data transfer is not accomplished
before the analog-to-digital conversion is completed. Because the 17 bits exceeds
the capacity of the computer's 16 bit accumulators, the data is read in two parts,
The two low arder bits are read first, followed by the 15 high order bits to form a
double"precisio‘n word, An RDE zero control pulse is available to electronically
reset the RDE to a zero oriéntation and to force the completion of a conversion
cycle,

2.5.6 Test Sequencer Interface

The test sequencer enablesautomatic gimbal system positioning for computer
controlied inertial instrument calibration. The interface between the test sequencer
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circuitry and the computer includes four groups of data lines: 1) six data lines are
used to transmit gimbal positioning commands, 2) a control pulse line is used to
sequence the inner, middle, and ocuter gimbal position commands over the same
data lines, 3) a position ready pulse line is used to flag the computer when the
desired test position has been achieved, 4) an end of test pulse line is used by thf_a
computer when data acquisition cycle is completed and a new sequence cycle is to

begin, The end of test pulse clears all circuits to accept new information.

2.6 Support Electronics-Automatic Test Facility

The electronic equipment required to support, monitor, and excite the stfapdown
test system was integrated into the SPOT test facility to include the typical complement
of dec and ac supplies and monitoring equipment, as well as a unique capability for

computer controlled testing,

The ac supplies include the gyro wheel supply, the ducosyn suspension supply
and the resolver excitation supply which were adapted from hardware used in prior
programs. The monitoring equipment includes the oscilloscopes for gyro wheel
current and SG output visual monitoring, inertial instrument temperature monitors
with hot and cold alarms, and a seven channel strip chart recorder for continuous

thermal surveillance.

An automatic test capability was developed to increase the utilization to the
test facility and to enable the accumulation of calibration data for statistical and
stability evaluations. Theautomatic test capability was implemented with a modified
Apollo gimbal position control electronics assembly (GPC) and 'test sequencer"
electronics interface with the H316 computer. Figure 2.6.1 shows the one axis
mechanization of the test sequencer electronics and its interface to the GPC, H316

cdmputer, and gimbal system.

The ''test sequencer' accepts incoming computer commands and converts them
intoactivating signals to select one of two operating modes in the GPC: 1) a coarse
“mode, and 2) a fine mode. The "coarse mode' energizes the gimbal torque motors
to rotate at a constant speed of 0.066 radian per second. This is the mode used to
change the strapdown system orientation, As the gimbals are rotated, the resolver
null positions are counted in a binary counter, When the counter reads the desired
preset count, the GPC is switched to the “fine mode'" to electronically lock the
gimbal system to a resolver null position. Note that the amount of gimbal rotation
is determined by counter presets that are selected prior to rotation. When all

three gimbals are in the "fine mode' the desired test orientation has been achieved
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and a command is transmitted to the computer to activate the data acquisition

programs,

Automatic dynamic calibration is achieved with the outer gimbal programmed
for continuous rotation and the inner and middle gimbals programmed for orientation
changes. The outer gimbal rotation is accomplished by locking the last stage of
the binary counter in the reset state, In the reset state, the gimbal position control
loop is switched into the coarse mode and slewing is maintained at 0.066 radians

per seconds,

Slewing speeds other than 0.066 radians per second are possible, but not in
the automatic mode. A second torque motor with a multi-speed resolver is connected

to the gimbal resolver. Controlled speeds up to one radian per second are available.

Gimbal oscillatory excitations are produced by driving the gimbal torquedrive
amplifier froma low frequency commercial oscillator. The gimbal position control

loop is switched to the fine mode for oscillatory tests.

To prevent gyro wheel damage (high speed touch down) resulting from
excessive gimbal rates, three rate protection schemes were incorporated fo prevent

gimbal runaway.

1) The primary rate protection scheme is the gimbal dump circuits that
inhibit the forgque motor drive electronics when the back emf (of the
gimbal torque motors) exceeds a given threshold.

2) The secondary rate protection device is a frame mounted dual axis rate
transducer (DART), a device that generates a voltage level equivalent
to the vectorial sum of rates about two orthogonal axes. Electronic
circuits deactivate the gimbal drive loops whenthe DART output exceeds
a prescribed threshold level.

3) When the GPC is in the "fine mode", gimbal movement in excess of 3°

is prevented by inhibiting the drive electronics.



3.0 Inertial Instruments and Compensation Parameters

3.1 16 Permanent-Magnet-Pulsed-Integrating Pendulous
Accelerometer (16PM PIP)

3.1.1 Physical Description

The 16 PM PIP is a single-degree~of-freedom integraiing specific force
receiver. Figure 3.1.1 is a mechanical line schematic and Table 3.1,1 presents a
survey of operational and control parameters. The PIP consists of a cylindrical
body {float} that is suspended within a cylindrical case by a dense, highly viscous
fluid, The fluid also provides rotational motion damping, In addition to the fluid
buoyant support, the floatis supported and centered radially and axially by a microsyn

(variable reluctance transducer) at each end of the case.

The float has freedom of rotation about its longitudinal axis (Output Axis) and
the float mass that isoffset from the Output Axis provides specific force sensitivity
along an Input Axis, Thus, specific force inputs rotate the float. The float rotation
is sensed by the signal generator (SG), a linear angle-to-voltage generator located
at one end of the instrument case, When the SG output voltage reaches a given
threshold value, a discriminator detects the polarity of the 3G signal and generates
a torque command that switches a controlled current pulse of fixed amplitude and
duration into the torque generator winding. The torque generator (TG) is a linear
current-torque transducer, located at the opposite end of the case, The polarity of

torquing is set to oppose the sensed input torque,

3.1.2 Principle of Operation

The float acts as a torque-summing member and the torques acting on the

float (neglecting uncertainty torques) can be expressed as:

2
d7s de _

Toa"at * Cgp * mlag £ My, =0 (3.1.1)
I d—28- = the torque due to inertia of the float

OA : e floa

IOA "= moment of inertia of the float about OA

f = angle of rotation of the float about QA

C g—f = the viscous damping torque about QA
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TABLE 3.1.1

16 PM PIP PARAMETER SURVEY

Nominal Value Symbol
Pendulosity 1 gm-cm ml{p)
Output Axis Moment of Inertia 24 gm—cm!sec2 Ina
Damping Coefficient 14x10* dyn-cm/rad-sec C
Float Time Constant 170 wusec te
Pendulous Ref. Axis Moment 35 —% I
- pra
of Inertia sec
cm/sec? IaTora
Anisoinertia Coefficient 1 5 —m-l-eh—
radian/sec
. dyne-cm
Torquer Sensitivity 265 e STG
Torquer Time Constant 27 wsec t
Torquer Temp, Sensitivity <10 ppm/°C
Signal Generator Sensitivity -20 mv/mr ‘ Ssq
Suspension Reaction Torque <0.2 dyne-cm
Elastic Restraint <0.01 dyne-cm/mr
Operating Temperature 130°F
Excitation SG & Suspension 4V, 9600-cps, 100 milliamps/ end housing




C = damping coefficient

mlain = input acceleration torque
ml =  pendulosity of float
& = component of acceleration input along IA
M(t ) = restraining torque provided by the torgue
g generator for a fixed current amplitude
Integrating:
de t
Ioa a6 t CF= miavg + fo 2 Mgy &t (3.1.2)

where AV, = change in velocity along IA,

The terms on the left-hand side of equation (3.1.2) represent the dynamig
storage of the instrument., These terms can be assumed constant in a steady state
input condition because the control-loop maintains the float at the null position.
Thus, the torquer cutpui (Mtg) balances the specific~-force input in steady state

conditions and the indicated change in velocity is expressed as:

AV, = ——— fot + M at (3.1.3)
Mch is a time invariant torque pulse, When sized by the pendulosity of the float
(ml) each torque represents an increment of velocity (AV) measurement where AV
is the scale factor of the 1nstrument The indicated velocity input (VIND) is determined
by accumulating the positive (N ) and negative (N7} torque pulses for a given test
period (t ) and multiplying the result by the scale factor (AV).

Thus
tt/tc
— + - -
p T AV 2 g - ) 6.1
=1

where

M, t
av = &S

: t_ is the torque pulse duration
ml 8

t_ is the period of the interrogation cycle
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The indicated velocily is the time integral of the average indicated ac-
celerometer over the update interval, This quantityincludes the acceleration sensed
along the Input Axis and the addition of various error sources characteristic of the
accelerometer. The full accelerometer model describing the response of a pulsed
integrating pendulous accelerometer in dynamic environments is given in Figure
3.1.2 with the various error parameters described in Appendix C. Errors such as
sculling which are generated in linear vibration environments, are not included
because the gimbal test bed environmental inpuis are restricted to oscillatory and

angular rotations,

3.1.3 Accelerometer Model

Table 3.1.2 lists and estimates the magnitudes of the first order, second order and

dynamic accelerometer error terms,

Although the first order error terms (bias and misalignment angles) have g
limited effect onattitude errors, their effect onnavigation performance is significant,
Therefore, the [irst order terms are included in the calibration and compensation

models,

The second order errorterms have anegligible effect on attitude and navigation
performance, These terms are evaluated using least square and fourier modeling

techniques with multi-position accelerometer data inputs (See Section 5.4).

Thedynamicterms, if excited with the environments defined, have a significance
that is equivalent to the first order terms. These dynamic terms were not modeled
because with the original gyro pulse torque scaling, the testing environment was
reduced by a factor of four and the error magnitudes were negligible. The application
of higher dynamic environments merit evaluation of dynamic accelerometer modeling

techniques,

3.2 18 Integrating Inertial Gyro Mod B (_18 Mod B)

3.2.1 Physical Description

The 18 IRIG Mod B gyro is a single-degree~of-freedom gyroscope that was
developed at the MIT CS Draper Laboratery. The basic features of the 18 IRIG
Mod B gyro are its reduced size, gas bearing wheel package and permanent magnet
torquer, The 18 IRIG Mod B design is specifically designed for strapdown
environment applications. The torquer, for example, is compatible with input rates
up to one radian per second. Similarly, the magnetic suspension design is capable
of withstanding radial side loading for rates in excess of one radian per second,
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TABLE 3.1.2 ACCELEROMETER ERROR PARAMETERS

ERROR
ERROR PARAMETER INFORMATION SOURCE MAGNITUDE EQUIVALENT SYSTEM ERROR
First Order Error Sources
Bias (B)) : Accelerometer Calibration| 0.3 cm/sec® |A 0.3 em/sec bias error affects the gyro compensation of
Data : acceleration sensitive drift components (0 .003 meru for a
10 meru/g gyro or 300 ppm). 0.3 cm/sec? is also 300 ppra
of one g.
Misalignment Angles Accelerometer Calibration 0.25 mr A 0,25 mr accelerometer misalignment miscompensates a
(AORA' APA) Data 10 meru/g gyro and results in a 0. 06 meru error {6000 ppm)
Second Order Error Scurces
Scale Factor Centrifuge Test 4 ug,’g2 At one g the error is 4 ppmof g
Non-Linearity (KII) _ Data
Cross Coupling Multi-Position 30 ug/gz 30 ppm of one g
(KIP‘ KIO) Accelerometer Test
Evaluation (Fourier
and Least Square
Analyses)
Cross Axis Estimated from suspension 1uglg 1 ppm of one g
{Kg) ' stiffness and accelero-
meter geomelry
Dynamic Error Sources
OA Coupling Calculated for: Assuming that the acceleration from 0 to 1 radian/second
a) 0 to 1 radian angular |(a) 20cm/sec per is accomplished in 5 seconds, the indicated acceleration

acceleration rad/sec, how- error is 4 cm/sec? or 4000 ppm of one g
ever self cancel-

ling during

de-acceleration

Py
b}W= 0, 3rad/secisthe b) float motionis

maximum gimbal below pulse 0
oscillatory velocity ° torgquing
threshold
Anisoinertia Calculated for 1cm/sec? 1000 ppm of one g

WIA: WPA; 1 rad/sec

IPA'IIA =1 gm:cm2




The 18 IRIG Mod B gyro (Figure 3.2.1) has a gas-bearing wheel that rotates
at 24,000 rpm and develops an angular momentum of 150,000 gram-centimeterszl
second. The wheel is driven by a 4 pole, BOO hertz, 2 phase synchronous hystersis
motor. The wheel bearing consists of a stabilized journal pressurized by outboard
thrust plates. The wheel and motor structures are mounted in a hermetically sealed
cylindrical float and is pressurized with one atmosphere of neon gas, Tﬁe float is
surrounded by a high density damping fluid for fluid buoyant support and rotational
motion damping. Inaddition to the fluid buoyant support, a 8 pole magnetic microsyn
suspension is available at both ends of the case for support and centering of the

float within the gyro case.

At one end of the case is a signal generator (a 12 pole multiple- E-connected
microsyn) whose output magnitude is proportional to the angular position of the
float about the Output Axis. At the other end of the case is the permanent-magnet
torque generator consisting of an Alinico V permanent magnet with 8 poles, anarmeco

iron return path and 8 torquing coils each having 144 turns.

Table 3.2.1 presents a survey of operational and control parameters for the
18 IRIG Mod B gyro.

3.2.2 Principles of Operation

The equation of motion for an ideal single-degree-of-freedom gyro is given

by
Toa foa ¥ Chgy + Ky = HWp+ M+ Uy (3.2.1)

where

IOA = moment of inertia of the float about its output axis(gm-cmz)

AOA = float-to-case angle about the output axis (rad)

C = float damping coefficient about output axis (dyne-cm/rad/sec)

K = elastic spring constant about the output axis (dyne-cm/rad)

H = wheel angular momentum (gxn-cm2/sec)

W,, = angular rate of the case about the input axis (rad/sec)

Mtg = commanded torque of the torque generator {(dyne-cm)

UT = uncertainty torque acting on the gyro float about the

output axis (dyne-cm)
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FIGURE 3.2.1 18 IRIG MOD B CUTAWAY VIEW



TABLE 3.2,1

18 IRIG MOD B NOMINAL PARAMETERS

AND OPERATIONAL FEATURES

Gyro Constants Units Symbol
6 m-cmz.
Angular Momentum 0.151 x 10 T H
Output Axis Damping Coefficient ~400, 000™ dyne-cm-sec COA
Output Axis Inertia 225 gm-cm> Toa
_ x _Toa
Float Time Constant ~550 usec t, =
f C
OA
. %* millivolts H
Transfer Function 7.6 milliradian (——c SSG)
OA
Torquer Time Constant 535 M Sec t, = L
tg R
.. . . . -4 2
Anisoinertia Coefficient 1x10 rad/ (rad/sec) ISA I]_A
H

e
H

and the transfer function = 6,

Parameters given are for 8 140°F floatation temperature., At the nominal
floatation temperature (130" F), C

OA = 602, 000 dyme-cm-sec, tf = 450 usec,




For the condition of no torque commands (Mtg = 0), a constant-input rate will
cause a constant torque about the gyro-float Output Axis, The resultani Output

Axis float rotation corresponding to the torque is expressed as:

_ _H :
Apa = & fwm dt (3.2.2)

Since the [loat output angle, AOA’ is proportional to the integral of input angular
rate, Wias the gyro is called an infegrating gyro, When the gyro is being
pulse-torqued, the scale factor is defined as the angular motion about the gyro Input

Axis that yields the same Qutput Axis rotation as one torque pulse.

The scale factor is expressed in Equation 3.2.3, under steady state conditions

(Mtg = HWIA} where Mtg is a time invariant torquing level and t, is the duration of
torquing, ‘
M, t
- t
SF = 88 (3.2.3)
H

The scale factor is used to determine the input axis angular displacement

+ _—
(AI'A) by scaling the accumulated positive (N ) and negative (N ) torque pulses,

| s t/t, , . ) |
AT E nzl (Mtg Nmy - Mt-g Ny .29
where Mzg - commanded torque (dyne-cm) for positive torque pulses
Mtg - commanded torque {dyne-cm) for negative torque pulses
t. - interrogation period (208 microseconds)
t - 1{est period

3.2.3 Gyro Model

The full gyro model describing the response of a pulsed integrating gyro in
dynamic environments is given in Figure 3.2.2 with the normal errors {gyro drift)

described in Appendix D,

The strapdown error sources are further discussed in this chapter and are
‘excited when the gyrooperatesin dynamic environments., One group of the dynamic
error sources is geometrical in nature such as coning and would be chserved even
inanideal gyroinstrument. Coning errorsareinherently compensated in the system
attitude algorithm based on knowledge of the dynamic inputs. Coning is discussed

in greater detail in Section 4.2.5.
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The second group of strapdown errors result from the physical gyro or torque
loop departing in performance from the ideal instrument. These error sources
include: anisoinertia, scale factor linearity, SRA cross coupling and OA coupling,
If properly calibrated, the dynamic error sources are adequately compensated in
the algorithms. (See Section 4.2.2). The instrument dynamic errors are discussed
below with a concluding section devoted to gyro attitude storage and attitude

quantization.
3.2.3a Anisoinertia

The anisoinertia error term arises from the difference in the inertia about

the fipat Spin and Input Axes. The applicable gyro response equation is:

Toa®oa t Cpat W,

SRA (3.2.5)

oa = Ugpa ~Tpa) Mgy
Only simultaneous inputs about the Input Reference Axis (IRA) and the Spin Reference
Axis (SRA) canexercisetheaniscoinertia error. For constant rotational rates applied
simultaneously about the IRA and SRA (WI andWw
steady state drift rate (WD) is found to be:

(g () - 1p,)
WD=(SA IA)WW

3 respectively), starting at t=0, the

H I8
ISA (f} = Float inertia about the Spin Axis {a frequency dependent (3.2.6)
function)
II_A = Float inertia about the Input Axis

The multi-axes oscillatory environment is defined by two excitations that have

the same frequency, but different amplitudes and have some relative phase (@),

ASRA: a sinwt WSRA = awcoswt
= i = wi+t 3.2.7)
AI_RA ¢ sm.(wt+¢) Wiga cwecos (wit¢)
The steady state drift rate in an oscillatory environment is determined to '
' 5
be:

W, =< Igp @ - II.A) acl? €05 (Gutt9i) + cosp)

2H . .
sinusoid non-zero

time average (3.2.8)

where ¢ = tan -1 (277) and (Twz) << 1
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The steady state drift rate comprises a sinusocidal compenent with twice the '

input frequency and a constani, non-zero time average component expressed as:

Io, (B} - 1

Wp = SA IA ) a cw? cos ¢ - (3.2.9)
2H

Hence, a kinematic rectification of the oscillatory input occurs and the resultant

error is dependent on the relative phase between the two inputs and is maximum at

an in phase condition (¢ = "'0"),

© Theinertia of the float spinaxisis expressed asa function of frequency (ISA(f))
to account for the decoupling of the wheel element from the input excitation when
the oscillatory input exceeds the wheel hunti frequency. The wheel hunt frequency
(generally in the range 2 to 5 hertz) is defined by the natural frequency of oscillation
which is determined by the inertia of the wheel element and the stiffness of the
wheel motor, As the input- frequency increases through the wheel hunt region the
inertia difference (ISA(f) - IIA) is estimated to change from 21 grn-cm2 at low
frequencies to -40 gm-cm2 above wheel hunt for the 18 IRIG Mod B gyro design.
In the current program, only the low frequency anisoinertia coefficient is modeled
in the compensation algorithm. The incorporation of a frequency dependent coefficient
requires the spectral analysis of the environment from the gyro pulse outputs, a
task beyond the scope of the current program but worthy of future investigations if
environments above the wheel hunt frequency are anticipated. Based on Saturn V
and XB-70 flight data, 5 the random angular environment associated with a shutile
vehicle at a navigation base is essentially limited to below 1 hertz. Therefore
meaningful errorsassociated with changes in inertia with frequency is not expected

t¢ be encountered for that environment.

The effective anisocinertia error generated in the gimbal systefn for various
test inputs is illustrated in Table 3.2.2.

TABLE 3.2,.2 ANISOINERTIA ERROR MAGNITUDES

frequency H a . c Drift Error
{hertz) ( uradian per radian/second) (radian) (radian) (meru) (thr)
.5 140 . 0,024 0.022 5 0. 08

1 140 0. 024 0.022 20 0.3

] -267 0. 0057 0.011 -113 -1.9
10 . =267 0, 0015 0. 004 - 43 -0.65

25 : -26%7 0. 0002 0.00086 - 5 -0.08



3.2,3b Scale Factor Linearity

Characteristic of permanent magnetic torquer gyros is the torquing response
variation with respect to rate, Intensive tests conducted in other programs have
verified the rate dependent variation and have attempted to analyze its sources.
Part of the variation is attributed to the torquer itself and part to the torquing loop
mechanization. All loop mechanizations tested (ternary, binary, and analog) have

exhibited a rate dependent scale factor,

The scale factor linearity calibration curves for gyros 427A, 422B, are shown
in Figures 3.2.3 and 3.2.4, Theordinate scale is plotted relative to the scale factor
magnitude calibrated at +0,066 radians per second about the Input Axis. The linearity
curves are the best fit lines drawn between data from two sequential calibrations.
In general, the scale factor spread between test runs is 10 ppm. The differénce in
the average scale factor for a positive rate about the gyro Input Axis (IA) from the
negative rate about IA is the result of a pulse torque-to-balance locop unbalance
and/or an instrument SG to TG misalignment. The 427A and 422B gyro linearity
functions (Figures 3.2.3 and 3.2.4) are characteristic of resistively tuned gyrotorquer
coils. At high rates, the curve is concave upward because of two [actors: 1} a

TG-5G misalignment, and 2) power effects due fo torquer heating.

Figure 3,2, 5 shows the scale factor '1inearity curve for gyro MB4, Note that
the scalé factor spread over the full dynamic range is less than gyros 427A and
422B, but its variation is not linear, The MB 4 gyro linearity curve is typical
when torquer ceils are purposely mistuned to reduce the linearity spread but with
the cost of achieving a non-linearity scale factor function. The test data given in
Section 5.2.6 demonstrates that a gyro linear scale factor function (as displayed in
IFigures 3.2.3 and 3,2.4) can be adequately compensated {(within 7 ppm) in the real
time data processing algorithms and therefore torquer mistuning techniques are

not necessary.

3.2.3¢c SRA Cross Coupling Errors

SRA cross coupling errors result from the Input Axis being offset from its
reference direction because of float rotations about the Output Axis (QA), If rotational
rates are applied simultaneously about the Input and Spin Reference Axes (SRA),
errors will result by the amount of rate detected by the gyro Input Axis along the
SRA, In oscillatery environments the float rotation about the OA is a sinuscidal
function, Hence, if the oscillatory excitations about the Input and Spin Reference
Axes are in phase then kinematic rectification will ocecur and a steady state drifi

error will result.
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Compensation of SRA cross coupling errors dependson the accurate description
of the float rotation by a function describing the average float hangoff in response
toinput axis rates. After the hangoff function has been defined, the amount of cross

axis error can be estimated and the appropriate corrections made,

An analytical study by Lory 8 has defined the linear relationship betwgen the
average float rotational offset (float hangoff) and the average Input Axis rate. For

the ternary-torque loop with pulse burst compensation, the relationship is expressed

as:
low rate offset rate dependent factor
—— r.—--—n-_.’
<63 = (d-1/2) sgn(v) + v (143 7-K) (3.2.10)
where:
6> is the average float rotational offset
v is the average input angular rate sized to
the full-on gyro loop rate capabilities
S Tk is the sum of the gyro time constants

(torquer and float) sized to the
interrogation period

d is the torquing threshold defined by
the float rotation from null required
to generate a torque pulse

sgn{v) +1 for v positive
0 for v zero
=1 for v negative

.The assumptions of the above model includes a constant input angular rate
and that the pulse burst compensation network gain is set to equal the sum of the

gyro-time constants,

Without pulse burst compensation, the float hangoff function is expressed as:

<8> = (d-1/2) sgn (‘L) + v
low rate offset rate dependent factor

(3.2.11)
The float hangoff functions are shown in Figure 3.2.6.

Note that a torque rebalance loop implemented with pulse burst compensation
increasestheaverage float hangoff for a given input rate. The float hangoff increase
is dependent on the sum of the gyro iime constants. The average float hangoff
functions for gyro 427A, MB 4, and 422B are shown in Figures 3,2.7, 3,2.8, and
3.2.9 respectively,
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Asshowninthe figures,with the pulse burst compensation gainand loopthreshold
correctly set, the float hangoff approximately equals half the torquing threshold
plus a rate dependent hangoff term that increases with rate. The slope is related
-to the sum of the gyro torquer and float time constants (from Equation 3.2.10). Tt
should be noted that in the low rate region (for example when no torque pulses are
generated during an interaction interval) the exact float hangoff is undefined in the
regionofuncertainty (See Figure 3.2.6), From these float hangoff calibration curves,
one estirnates the gyro float time constants to be 560, 570, and 540 microseconds
for gyros 427A, MB 4 and 422B respectively. These time constants are greater
than the typical 18 IRIG Mod B time constant (450 microseconds), however, this is
the expected result of operating the gyros at higher temperatures.

The linear float hangoff function is the model that was used for SRA cross
coupling error compensation. Rate estimates are derived from the gyro pulse‘count
in an algorithm iteration interval and are used to determine the operating point
corresponding to the hangoff curve. However, when no torque output pulses occur
in an iteration interval, rate estimates can not be made and in such a case,; float
positionuncertainty can be in error by a maximum of 1.5 torquing thresholds (1,5d).
This error is attributed to the fact that the exact float position is somewhere in the
dead zone regiondefined by the torquing thresholds. Because the torquing threshold.
hasnot been exceeded, accurate knowledge is unavailable as to the exact float position,

To account for SRA coupling errors that might arise when the float is in the
torque dead zone region, the interpolator is used to read float position mid point in
the iteration interval when no torque pulses occurred during a computer iteration
interval. Forthisreading, interpolator furnishes float positiondirectly by quantizing
the gyro signal generator (5G) output, Thé' compensation medel therefore also
included direct use of hangoff measurement in addition to the linear model. Use of
the direct float read out for SRA coupling compensation is not possible over the
full rate range because of dynamic limitations and the need for an "average' hangoff
over the entire iteration interval. With high dynamic inputs, the mid point reading
of the interpolator does not necessarily represent average float hangoff,

Inthe constant rotational environment, with inputs applied simultaneously about
the input (“fRA) and spin reference axes (V%RA) the uncompensated SRA cross

coupling drift is exprezsed as:

; - -4 -
Drift Error = (d-3) Wgp, - (1 + 2K Wara Wiga
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For example if (d=-1/2) = 20 microradians and (1 +27~K) = 257 microradians per
radian/second, a one radian per second rotational rate could generate a drift error

equal to 3250 meru (490/hr) if no compensation were used.

In the oscillatory environment, with the magnitude of input axis escillation
(c) much larger than the spin reference axis {a) oscillation, the SRA cross coupling

drift due to rectification is expressed as:

2
. _ 2 _1. acw
Drift Error = L aw (d 5 } {1+ ZTK) 5
Where:
WIRA = ¢ sincet

WSRA = a singt

The effective rectification generated in the gimbal system for various test

inputs is given in Table 3.2.3.

TABLE 3.2.3 RECTIFICATION MAGNITUDES

frequency a c Drift Error
(hertz) (radians) (radians) (MERU) (°/hour)
.5 0.024 0.022 +2.9 0.04

1 0.024 0.022 -12.6 - 0.19

5 0.0057 0.011 -48.6 0.73

10 0.0015 0.004 +2.2 1 0.03

25 0.0002 0.0006 +11, 0.17

3.2,3d OA Coupling

OA coupling error is a function of the float inertia response. QA coupling-
errors are exhibited in two ways depending on the nature of the environment. The
first way is a lagging effect when the gyro is excited by a transient input, Figure
3.2,10 shows the effect on attitude error propagation during the acceleration and
deacceleration phase of a ten revolution slew test at 0.15 radians/second (9.8°/sec).
OA coupling errorsare manifested as stepsinattitude errors which nearly averages
to zero in a complete acceleration-deacceleration cycle. With OA coupling
compensation effected, as in Figure 3.2,11, the steps of attitude error are virtually

eliminated,
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The second way OA coupling errors are exhibited is in the oscillatory
environment, When an oscillatory input is impressed about a gyro's Output Axis
. because of its inertia, the float will lag the excitation and extra torque pulses will
be required to maintain the float's null position. If the oscillatory excitation about

the Qutput Axis is:

w . = a sinut
o (3.2.12)
then the OA coupling error oscillatien is:
OA coupling error = I/H W= I/H awcosgit. (3.2.13)

where I is the float output axis inertia and H is the gyro wheel angular momentum,

The correct compensation model is to estimate the rate change magnitude
about the Output Axis, then to scale the estimate by the ratio I/H. The resultant
quantity is subtracted from the input gyro torque pulse count. OA coupling errors
which are not compensated in an oscillatory environment appear as a second sinusoidal
input by the attitude algorithm. Because of its 90° phase displacement with the
input oscillation, the attitude algorithm assumes a coning input and corrects by
adding a drifi component on the third axis. This drift component is an error and is
termed "pseudo coning drift." Pseudo coning compensation evaluations are discussed
further in Section §5.2.2.b.

3.2.4 Attitude Storage

Attitude storage results from the lagging response of the SDF gyro float to
an input stimulus, Figure 3.2,12 is the SDF floated gyro model, normalized for
unity gain. TFigure 3.2,12 also gives a comparison of float response between an
ideal integrator and the typical gyro.
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Figure 3.2.12 Gyro Pulse Response

Float storage is defined as the difference between the ideal integrator and
the gyro's responses and therefore represents the change in attitude that is sensed

by the gyro, but not yet translated into float motion.

Typically, the gyro float position is pulse restrained to a null position with
electronics applying torgue pulses whenever the float exceeds a given threshold.
The torque commands are applied through an almost identical gyro model with the
result that in a given time interval the energy that is stored from torquing nearly

cancels the energy stored due to the applied input rate,

Figure 3.2.13 is the gyro model expanded to include the effect of torquing:

Wig i i
— ™5 (STg +1)
ATTITUDE STORAGE + FLOAT
STORAGE
TORQUE | | ]
COMMAND | S {STr+ 1 ){ST +1)

TORQUE COMMAND STORAGE

Figure 3.2.13 Gyro model with torquing
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The torquing model includes in addition to the float time constant (Tf), the
torquer time constant (Tt)‘ Thus, float storage is modified by torque command storage
when stimulated by both a rate input and a torquer input and the resultant float lag

becomes a function only of the torquer time constant (Tt).

Storage as a function of input axis rate is illustrated in Figure 3.2,14. Also
shown are the float hangoff functions defined in Section 3.2.3¢c., The important
observation from Figure 3.2.14 is that float storage is a linear function of input

rate but not equal to the magnitude of the float hangoff,

3.2.5 Fine Attitude Quantization with Hybrid Operations

(i.e. Torque Loop Plus Interpolation)

Without the interpolator electronics the system quantization is determined by
the gyro's torque loop quantization {for example, 40 arc seconds). Because there
is gyro float storage, a small quantity of attitude is stored within the gyro. This
stored attitude data is represented by the residual change in the float movement
that is not detected by the torque loop.

Without pulse burst compensation in effect, the interpolator measures the
required residual float movement by digitizing the signal generator (SG) output. In
this mode of operation the interpolator information is added to the accumulated

torque pulses for a finer quantization that is defined by the interpolator's hit size,

However, when pulse burst compensation is in effect, the loop dynamics are
modified and consequently the float movement no longer represents the true gyro
response. With pulse burst compensation, a signal is added to the signal generator
(SG) output which predicts where the float should be based on the occurrence of
torquing. By predicting the float movement, the magnitude of storage Verr-or is
modified, Therefore, the pulse burst compensation signal must be subtracted from
the SG output such that the resultant signal represents the true float position under
conditions of no pulse burst compensation. The resultant signal is now in error by
only the float storage which if necessary can also be corrected because of its linear
relationship with respect to rate (See Figure 3.2.14),
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4,0 Software Development

4.1 " Introduction |

A dedicated H316 mini-computer is used to support the strapdown inertial
system and to provide comprehensive data processing capabilities that include
automatic inertial instrument calibration, system attitude maintenance capabilities
and land navigation, In addition, the software design facilitates the evaluation of
system tradeoffs and provides for:efficient data processing and management. A
considerable software development effort is necessary to achieve the above test
capability. The software developed to support the program's requirements is
discussed in this text in five subsections: 1) calibration software, 2) compensation,
attitude and velocity algorithms, 3) attitude error analysis software, 4) land navigation
algorithms, and 3) H316 mini-computer and IBM 360/75 remote terminal software,

4,2 Calibration Software

The calibration software enables the automatic calibration of the inertial
instrument parameters, Two sets of software were ﬁritten - one set to calibrate
the gyro drift components and the accelerometer parameters such as; scale factor,
bias, and alignment, {so called static calibration) and the second set. to calibrate
gyro scale factor, misalignment angles, and aniseinertia (so called dynamic

calibration),

Calibrationis achieved intwo parts. Data outputs from the inertial instruments
are first accumulated and stored in the H316 computer. This operation is accomplished
under control of the data acquisition software. Final data reduction and display in
engineering units is done in the DDP516 under control of the data transfer software
that is stored in the disc file. The inertial instrument parameters calculated are
ghown in Table 4.2.1. .

4.2.1 Data Acquisition Software

The data acquisition program performs four basic functions: 1) automatic
calibration control, 2) data accumulation , 3) data format conversion and storage,

and 4) data transfer control,

The static calibration data acquisition softwa}e sequences the strapdown system
through twelve calibration positions (see Appendix P). Gyro and accelerometer
pulses are accurnulated for a ten minute test period and then stored in the H316
buffer.



TABLE 4.2.1 INERTIAL INSTRUMENT PARAMETER CALIBRATION.

STATIC CALIBRATION

Parameter - Calibration Unit

0

Gyro " Bias (NBD) : meru

Acceleration Sensitive
Drift (ADOA, ADIA, and

ADSRA) meru/g
Major Compliance 9
(KSS - KH) merufg
Accelerometer Positive and Negative
Scale Factor (SF*, SF~) cm/sec/pulse

Misalignment of the

Input Axis about the Output

Axis (SO} and about the

Pendulous Reference Axis (SP) radians

Agccelerometer Bias (Bo) cm/sec2

DYNAMIC CALIBRATION

Parameter Calibration Unit
Gyro ' Positive and Negative .
Scale Factor (SFT, SF) . radian/pulse

Misalignment of the Input
Axis about the Output Axis (GO)
and the Spin Reference Axig (GS} radian

Anigoinertia Coefficient '~ radians/radian/second

* )
Meru is equivalent to one thousandth of the earth's rotational rate or 0.01 5% /HR.
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' The dynamic calibration data acquisition program drives the outer gimbal
either positively or negatively in six test positions determined by the inner and
middle gimbal orientations (see Appendix R}, Gyro torque pulses are accumulated
fora given test durationdetermined by the rotational rateand the number of complete
revolutions selected for calibration. The resolver to digital encoder monitors the
angular rotation of the outer gimbal to identify the starting and ending points of the
data acquisition cycle. As backup to the resolver encoder, additional software was
written to determine the test duration from the automatic test control electronics

that emits a position ready pulse for every 360° of gimbal rotation.

 The calibration sequence is initialized by the operator aligning the system
with all gimbals at zero degrees, and providing as an input to the computer the test
record identifiers and special test sequence requests. For dynamic calibrations,
the number of revelutions per test is also selected, Once initialized, the calibration

sequence is completely automated and under computer control,

The data acquisition software is controlled with a main executive program
which calls the appropriate subroutines required for specific systerm operation.
The first operation executed is the development of ac'tuating signals that command
the gimbal's rotation to the desired calibration position. Gimbal orientationis possible
in sixteen different positions that correspond to the sixteen multi-speed resolver
null positions. The executive program determines,from a stored table,the gimbal
orientation of the next calibration position. Actuating signals are developed from
thisinformation and gimbal rotation is activated, When the desired test orientation
is achieved, a position ready pulse is generated to switch the gimbal positioning
loops to a high gain servo mode about the multi-speed resolver signal and to notify

the eéxecutive controller that the data acquisition cycle can begin,

The executive programnow transfers control to the data acquisition subroutine
that accumulates the torque pulses (gyro and accelerometer), and clock timing pulses.
Both positive and negative torque pulses areaccumulated for each of the six inertial
instruments with the use of twelve memory locations, Two locations are assigned

to each instrument to accumulate positive and negative torque pulses seperately.

Time is accumulated with a main counting loop, implemented to accumulate
time seperately for each of the six inertial instruments. When the first gyro or
accelerometer pulse is sensed for each instrui’nent, a time counter is read into a
"starting time" buffer for that instrument. The time counter continues to be
incremented every interrogate cycle thereafter. At the end of test, the time of the

last pulse for each instrument is stored into a "end time" buffer to determine the



test duration within an interrogation cycle (208 micro-seconds). This procedure
synchronizes the time of test individually for each inertial instrument to the

occurrence of the initial and final torque pulses.

Dynamic calibration also synchronizes the outer gimbal rotation to' the -
occurrence of the initial and final torque pulses. Because the resolver encoder’'s
sampling rate is 800pps, a linear interpoclation is made based on the gimbal test
rate to estimate the rotational angle at the time of the initial and final torque pulses.

When the data acquisition cycle is completed, the executive calls a Fortran
subroutine to convert the raw data into a double precision floating point format for
initial display on the teletypeand storage in the H316 buffer memory for subsequent
data reduction, Theinspectionof the raw data ontheteletype verifies the reasonability
of data prior to transfer to the DDP3168, The data format includes the different

pulse count totals, time, and gimbal angles,

The data acquisition and control program requires approximately 25% of the
H316 - 16K word memory capacity, Each test position requires 160 words and a
memory capacity for 52 sets have beenassigned, Thisis sufficient for four complete
automatic static and dynamic calibrations before a data transfer to the disc via the
DDPS516 is required,

Whenthe 160 word setis stored inthe H316 buffer, the DI)P516 is interrogated
for its readiness io accept data. Data is transferred to the DDP516 only if the
appropriate programs are resident in the DDP516 core, If the required DDP516
programming hasbeen established, program control is returned to the data acquisition
executive for continuation of the calibration sequence, Data that is not transferred
to the DDP516 is stored in the H316 until the limit of 52 sets is reached at which
time the calibration cycle halts for a data transfer,

4.2.2 Data Transfer Software

Data transfer to the DDP3516 is accomplished with an interaction of the data
acquisitionh software with the data transfer software that is resident in the DDP516
core. A sgerial data link which connects the two computers is used for data
transmission. A series of synchronizing pulsesare transmitted to identify the start
of data characters, One complete 160 word data set is transmitted into the DDP518
core with a checksum verifier. The checksum assures transmission reliability. If

transmission is correct, the data set is permanently stored in the disk file.



Disk filing is accomplished using four subroutines that interface with the
DDP516 Disk Operating System (DOS), The same four subroutines maintain the
active data file (DATAKK) which includes three major components: 1} the 160 word
calibration data sets, 2) the system alignment angles that are used as inputs to the
calibration compution programs, and 3} the results of parameter computation,

Each DATAKK data set is assigned a serial number with a back pointer to
the previously stored data set, Disk storage occurs after the serial number is
read into the DDP516 core. The DATAKK indexis then updated and the DOS system
closed, The serial number is transmitted over to the H316 for teletype display and
cuesthe H316 totransmit the next data set. Thedata'transfer and storage sequence"
continues until the H316 buffer is empty, at which time control is ret_urned to the

data acquisition executive for resumption of the calibration cycle.

When the DDP516 determines that a complete set of calibration data (twelve
test positions) has been transferred from the H316, Fortran subroutines are called
to compute the calibration parameters using the equations given in appendixes P
and R, The results are printed on the DDP516 teletype, and stored on the disk file.
After the computed parameters are stored, the DDP516 returns control to the H316
for additional data transfer, if its buffer is not yet empty. Therefore, the H316
operating' with the DDP516 provides a continupus calibration capability, The H316
operating by itself is memory limited to four static or dynamic calibrations.

4.3 Compensation, Attitude, and Velocity Algorithms

4.3.1 Introduction

The strapdown system performance is dependent on the efficient real time
data processing of the gyro and accelerometer outputs inte attitude and velocity
updates, TFigure 4.3,1 shows the data [jrocessing algorithms that include the
compensation algorithms,the atiitude algorithm, and the velocity algorithm,

4.3.2 Compensation Algorithms

The gyro compensation algorithm corrects the body referenced angular pulses
to account for errors attributed to bias, drift and dynamic error spurces. The
corrected angular increments are the input to a quaternion expansion algorithm to

derive system attitude information.
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The accelerometer compensation algorithm corrects body reference velocity

increments to account for accelerometer bias and alignment. A directional cosine

matrix transforms the velocity increments into the inertial frame.

The corrected accelerometer pulses are used to compensate the gyro's
acceleration sensitive drift components. This procedure allows the accurate
compensation of g field sensitive error sources without requiring indirect estimates
of the gravity vector. Similarly, rate estimates derived from corrected gyro torque
pulse data compensates theaccelerometer's centripetal acceleration component and

the gyro's OA coupling, anisoinertia, and scale factor 4components.

Animportant adjunct to the compensation algorithm is thelecad making program,
This program inputs and scales all compensation parameters into appropriate formats
for storage in specified memory locations. The data in its specified locations is

"on call" to the compensation algorithms,

The compensation algorithms are implemented at three iteration rates: 100,
50 and 25 iterations per second, This is achieved by changing the compensation
iteration interval which is controlled by the preset interrupt counter, At 100 iterations
per second the counter interrupts every 48 interrogation cycles {0.01 second) and
at 50 iterations per second the interrupt is every 96 cycles. The gyro and
accelerometer read routines are changed to halve the pulse scaling to account for
the doubling in theiterationinterval. This was the most direct and efficient method,

requiring no medification to the load making program,

An alternative method is to maintain the read routines constant, and change
the compensation parameter scaling. This schemewas evaluated and found to require
an increasé in software and operator assistance., Other modifications necessary to
allow operation at the different algorithm iteration rates pertain to the attitude and

velocity algorithms to account for the revised pulse scaling,
The gyro and accelerometer compensation iteration intervals are equal but
are staggered to allow the gyro derived attitude data to be available at the middle

of the accelerometer update interval,

4.3.2.a Gyro Compensation Algorithm

The gyro compensation model is defined in Figure 4,3.2.

The detailed compensation equations and sequence are given in Appendix E,

This discussion provides a descriplive review of the processing flow illustrated in
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Figure 4.3.1. Before the gyro pulse outputs are corrected for the various gyro
error parameters, finer attitude quantizationinformation from the gyrointerpolator
is added to the accumulated gyro pulses. Because pulse burst compensation is in
effect, the compensated interpolator output is used (See Section 3.2.4). The
quantization increment furnished by theinterpolator is varied by theuseof a masking
instruction which selects one of four guantization magnitudes. For example, with
the interpolator information completely masked, the algorithm quantizatibn is 40
arc seconds per pulse, while with none of the six interpolator bits masked, the
quantization is 5 arc seconds, Intermediate quantization levels of 10 and 20 arc
seconds are achieved by masking the least or thenext to least significant interpolator

bits respectively.

The raw attitude data is scaled by the gyro scale factor to determine the
input axisangular displacement, Pulse scaling isaccomplished in two steps. First,
the accumulaied pulses are sized to a nominal scale factor determined for
computational efficiency to be an even power of two. The nominal scale factors

-18, 57&2-18, and 48-2-18 fadian

selected for the X, Y, and 7 axis gyro are 45«2
per pulse respectively. The different nominal scale factors are required because
of the variations in configuration of the 18IRIG Mod B gyros used. The second step
of gyro pulse scaling is to correct for the deviation of the true scale factor from
the nominal value. The scale factor compensation model includes two terms; a low
rate scale factor component and a rate dependent component. The low rate scale
factor is determined from baseline test data and is stored in a memory location
determined by the load making program. The rate dependent factor is a linear
function of the input axis rate which is based on real time rate estimates by the

gyro input pulse count (reference Section 3.2.3b).

The acceleration insentive drift component (NBD) is compensated by adding
incremental corrections to the gyro pulse count. The magnitude of the correction
increment is derived from the NBD magnitude and from the compensation iteration

time.

The acceleration sensitive drift components are corrected with body referenced
acceleration estimates from theaccelerometer outputs, Based on theaccelerometer
outpui, the magnitude of the drift component io be compensated, and the iteration

time duration, incremental corrections are applied to the gyro pulse count,

Qutput axis (OA) coupling drift errors (reference Section 3,2.3d) result from
a lagging float motion in response to rate changes about the output axis (inertia
torgue), Hence, extra torque pulses result when the gyro case is accelerated,



T.hese pulses operate to maintain the float at the signal generator (3G) null position,
OA coupling error compensation is accomplished by using OA angular acceleration
estimates derived from a second gyro whose Input Axis is collinear with the Outpit
Axis of the gyro requiring compensation. Correction is applied to the pulse count
by weighting the OA rate change estimates by the gyro paraﬁeter ratio I/H (Moment °
of inertia about OAfwheel angular momentum),

Spin Reference Axis (SRA) cross coupling drift errors (reference Section 3. 2.3c)
derive from float OA rotations, Those rotations (float hangeoff) cause the Input Axis
to sense an angular rate composed of the rate about the Input Reference Axis plus
a component of the rate imposed about the Spin Reference Axis. To compensate
SRA cross coupling errors,it is necessary to determine the float OA angular
displacement and the imposed SRA rate. A two-step method is implemented to
determine float hangoff. The point-slope model derived in Section 3.2.3¢c, Equation
3.1.10, is used with rate estimates from the gyro. When no rate estimates are
available (for example, nc forque pulse during an iteration interval), the
uncompensated interpolator cutput is used to establish the float hangoff magnitude
and poelarity.

Anisoinertia drift (reference Section 3,2.3a) is generated when simultaneous
IA and SRA angular rates cause drift due to the float dynamics corresponding to
the differences in SA and IA float inertias, Anisoinertia error compensation is
based onestimating the IA and SRA rates and scaling the rate product bya coefficient
that is a function of the inertia difference. The coefficient used is a constant low
frequency coefficient that does not account for inertia shifts along the SA resulting
from wheel rotor decoupling effects above the wheel hunt frequency. The
implemeniation of the more complex ratedependent coefficient requires the spectrum
analysis of the rate estimates, a task worthy of further investigation. - In actual
flight environments, however, the typical random frequency spectrum is below the
wheel hunt range {2-4 hz) and therefore the simple model approach appears to be
adequate.

Gyromisalignment angles cause attitude errors by sensing angular rates from
orientations other the Input Reference Axis. The misalignment angle about the Spin
Reference Axis is a fixed quantity that is dependent on gyro mounting alignments,
The Output Axis misalignment, however, includes in addition to the fixed quantity
dynamic alignment terms that represent the effects of hangoff due to the applied
input rate. The fixed misalignment errorsare corrected by subtracting the estimated
rate error resulting from misalignments from the gyro pulse count. Dynamic error

terms such as Anisoinertia and SRA cross coupling have processing similarities to
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the Output Axis misalignment term (i.e., multiplication by the Spin Reference Axis
rate estimate) and therefore the composite of these errors is treated in the same

processing block in Figure 4.3.1.

4.3.2.b Accelerometer Compensation Algorithm

The accelerometer compensation model used in this program included only

the following terms:

indicated input accelerometer misalignment errors
output bias
Nt eyt B —
Al vy
SF : Ay * B, +*  Upra’2pra " pa’%0Ra

centripetal and tangential acceleration
A

+ sz + Rw

Figure 4. 3.3 - Accelerometer Compensation Model

The detailed compensation equations and their sequence is given in Appendix
F. Asnoted in Section 3.1.3 other accelerometer dynamic terms such asaniscinertia
and OA coupling were not compensated for in this program. They can introduce
significant although transient type errors{astabulatedin Table 3,1.2), It was intended
to investigate modeling compensation for these terms. However, the program
emphasis was directed to gyro dynamic modeling and time did not permit their

implementations,

This discussion provides a descriptive review of the processing flow., The
accelerometer pulses are first scaled by the accelerometer's scale factors to
determine the magnitude of the velocity increment. Two scale factor values are

used to distinguish differences between positive and negative acceleration inputs,

Accelerometer bias is corrected by adding increments to the pulse count,
The increment magnitude is based on the bias magnitude and duration of the

compensation interval,
The accelerometer misalignment angles are both fixed quantities dependent

on the mounting alignment. Misalignment errors are corrected by subtracting the

estimated acceleration errors from the input accelerometer pulse count.
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Centripetal acceleration (rwz) and tangential acceleration (rc:)) normalization
is required because of the dispersed locaticon of the accelerometer mass elements.

Ideally, the masa elements of the'three accelerometers in an inertial system
should be located at a single point such that all acceleration can be sensed in three.
dimensions at a single point, This situation is obviously impossible to attain. The
errors caused by theangular rotation of each separate accelerometer mass element
with respect to an arbitrary reference point is represented by a centripetal error
and by a tangential rotation acceleration error {see Appendix G).

If a convenient system reference location is chosen, compensation for angular
rate errors fromany instrument can be accomplished, The rotational error sources
are computed from the different instrument positions, and by the use of the sensed
body angular rate and change in rate over the compensation interval, For this

program, the X accelerometer mass element is the point of reference.

4.,3.3 Attitude Algorithm

The attitude algorithm is a transformation algorithm that provides a
mathematical recurrent form to transform data from one frame of reference to
-another. The type of attitude algorithm implemented in this program is the four

parameter quaternion transformation,
The basic quaternion algorithm is of the form
gt + at) = glt) x(t, At) (4.3.1)
Quaternionq(t) is the attitude quaternionattimet, and q(t+At) is the attitude quaternion
at trat, Thus, quaternion §(t) propagates over a time interval At to quaternicn
q(t+At) as a function of the update quaternion x(t, At), The updatequaternion represents

incremental attitude information updated by the gyro loops, The exact third order

quaternion expansion is given as

sooo- 1o P33 314l 5B E e

@1s the current attitude update from the gyro loops and 8* is the set of angular
increments over the past sampling interval, .
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The third order algorithm expansion implemented in this program includes
two main subroutines: the first subroutine updates the quaternion of rotation to

perform the third order attitude algorithm, 10 The equation representing the algorithm

is expressed as:

px = )\SQX + RJ.:JX + 8 (pyaz - pzay)
s = ASa + Ro_+S(o 0 -p0)
N zZ X X Z
Y oy (4.3.3)
i
p, = ASa, + Rp, + 5 (pzay - pyax)

where 5 and R are functions of the gyro angular increments Ag:

This algorithm implementation is a third order quaternion expansion without

the cross product term [L( & x & . The cross product term approximates the
P ( )

6" 2 2
angular velocity change between each axis from one iteration te the next. The modified

algorithm does not affect the third order performance in the constant slew
environment, Inthe coning environment, however, the modified algorithm will function

with the bandwidth characteristics of a first order algorithm.

Each quaternion component, A, px,py, and P is formed from three 16 bit
signed computer words with the resulting capacity up to a 45 bii signed word,
Thirty-seven (37) significant bits were selected for the 100 iteration per second
algorithm. One bit uncertainty during an iteration interwval corresponds to a 0,01
meru unéertainty. The 50 and 25 iteration per second algorithms were implemented
with 36 and 35 bitsof significance respectively because the input gyro pulse scaling

was halved with update time reduction.

"The second subroutine of the attitude algorithm corrects the quaternion to

maintain the unity constraint. It imposes the constraint that:

2

2 2 2 _
AR 1 (4.3.4)
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by approximating the following equations:

A= Ad

L

P = P4 A _ )
' 4 ‘ (4.3.5)

=p
'y =y
p:'z = pzd
where
1

4.3.4 Velocity Algorithm

The velocity algorithm constructs a cosine matrix from the quaternion which
transforms a vector in the body frame to the inertial frame. The cosine matrix is

expressed in terms of the quaternion element as:

2 2
1-2 (py +p,) 2 (pxpy - X)) 2 (pxpz + ?\py)
CI= 2(p_p_+2pd 1-2(2+92) 2 o p_~Ap )
B Xy z Px Z vz X
2 2
2 (p b, - Apy) 2 (pypz t o) 1-2 (o + py)
and
=1_ .1 B
Vo= ‘CB v

Figure 4. 3.4 Velocity Algorithm

The directional cosine matrix elements are derived each update with 30 bits

of significance. Hence, each element is accurate to 1 part in a billion.

4.3.5 Algorithm Evaluation

The three axis strapdown test system developed in this program permits the
evaluationof the algorithm's performance characteristics in varicus environments,
By selecting the test environment, specific error sources are isolated and therefore

can be evaluated,
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As background information, this sectionreviews prior simulation and analysis
studies that define inherent algorithm performance characteristics, The areas of
study include: 1) attitude algorithm small angle error studies, 2) pseudo coning .
drift evaluations, 3) coning environment studies, 4} algorithm slewing errors, and

5) algorithm round-off errors,

4.3.5.a Attitude Algorithm Small Angle Studies

A study by H, Musoffll evaluates the relationship between algorithm
performance and small angle deviations that include alignment errors and gyro drift,
The analysis uses system quaternion differential equations to determine that an
earth rate compensated algorithm propagates attitude errors in the inertial frame
as ramping sinusoids, The sinusoidal periodicity is a direct function of earth rate
and therefore hasa 24 hour period. The ramp slope and the peak to peak sinusoidal
amplitude are linear combinations of the system alignment angles and gyro drift

(see Appendix H),

Figures 4.,3.5, 4.3.6, and 4.3.7 are the attitude errors in the inertial frame
fora 63 hour test period with the system fixed toan east,ldown and north orientation
(X, Y and Z axesrespectively)., The measured attitude errors match the theorectical
i‘esults in two ways: 1) the attitude errors propagate as sinuscids, and ramps are
observed only on the two axes with significant earth rate components {(down and

north) and, 2) the sinuscidal periodicity is 24 hours,

‘Since the attitude drift magnitudes are linear combinations of the system
alignment errors and gyro drift, a solution was attempted to determine the error
parameters from the measured drift error. An explicit solution was not possible
because of insufficient number of independent equations. Instead, the data was analyzed
witha comparisonto SIRU systemtest in whicha 0.5° alignment error was impressed
about the vertical and eastaxes. The comparison, interms of peak to peak sinusoidal

magnitude, is given below:

TABLE 4.3.1 SPOT-5IRU COMPARISON
PEAK TO PEAK SINUSOCID MAGNITUDE

SIRU SYSTEM SPOT SYSTEM
{0, 59 Alignment Offset)

VERTICAL AXIS 20.0 m radians 1.6 m radians

NORTH AXIS 18,0 m radians 1.6 m radians

EAST AXIS 24,0 m radians 2.0 m radians
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The ten tc one fatio between the SIRU and SPOT sinusoidal amplitudes implies
that the SPOT alignment erroris no greater than 0.05°, This alignment calculation
however neglected the gyro drifts residuals and assumed alinear relationship between
the alignment errors and the peak to peak siniousidal magnitude. Thus, the actual

alignment error is considerably less than 0.05°,

4.3.5.b Pseudo Coning Drift Evaluations

Pseudo coning drift results if OA coupling errors are not compensated. As
an example, in a single axis oscillatory environment without OA coupling
compensation, the attitude algorithm is excited on two axes, The first axis is the
normal input oscillation sensed by the gyroscope whose input axis is along the axis
of oscillation., The second axis results from OA coupling errors. The OA coupling
errorisa function of the float inertia response and is proportional to the derivative
of the input oscillatory motion. Thus;

input oscillation excitation = a sinet

OA coupling error = I/H aw coswt
where
a is the peak oscillatory amplitude ~ (4.3.8)
w - is the oscillatory freguency I
I is the float inertia about OA

H is the angular momentum
If OA coupling errors are not compensated, the attitude algorithm operates
on both inputs, assuming them to be true oscillatory inputs that are displaced by
90° and corrects for a non-existent kinematic coning drift on the third axis, The

resulting effect is the generation of an attitude drift error that is exactly equal to:

2 2
pseudo coning drift = I—?‘sz— - (4.3.7)

The pseudo coning drift test evaluationsthat are descri%ed in Section 5.2 were
conducted using gimbal oscillatory excitations over a range of 0.5 to 25 hertz.
(The closed loop response for the outer and inner: gimbals for the above fest spectrum
isillustrated in Appendix A, Figure A_1), The effective pseudo coning error generated
in the gimbal test system for various test inputs is illustrated in Table 4,3.2,
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TABLE 4,3.2 PSEUDO CONING ERROR MAGNITUDES

Oscillatory Quter gimbal Pseudo Coning Drift

frequency amplitude o
(hertz) {radians) meru /HR
0.5 0.024 71 1.15
1.0 0. 024 308 4,62
3.0 0,011 605 9,08
5.0 0. 0057 434 6.66
10,0 0.0015 120 1.8
25.0 0. 0002 11 0,17

Coning Evaluations

True coning, unlike pseudo coning, is a kinematic drift that occurs in the
single-degree;of-freedom gyro mechanization in a multi~axis oscillatory
"environment. Coning is evaluated with two phasedisplaced oscillations with identical
frequency applied to two of the three orthogonal axis, and thereby causing the third
axis to irace a cone at an angular rate equal to the rotation frequency and with an
amplitude proportional to the product of the input excitation. The third axis senses
a rate equal to:

Drift Rate = ﬂ;—“lﬁ w

where

a and b are the peak oscillatory amplitudes (4.3.8)

¢ is the phase displacement between the oscillatory inputs
w is the oscillatory frequency
Coning drift is corrected by sensing the sinusoidal inputs and their relative phase,

and subtracting from the third axis the appropriate drift magnitude, Attitude algorithm
coning performance is therefore related te its bandwidth,

Figure 4.3.8 shows the performance of three algorithm orders in the éoning
. 9 . . .
environment.” Coning error (defined by the ratio of algorithm cutput drift magnitude
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to the coning drift input) is plotted as a function of the oscillatory frequency (f)

multiplied by the computer update interval {At),

With regard to theuseof the Figure 4.3.8, one can determine the coning error
ina specific strapdown computational mechanization for a known coning environment -
in the following manner. Assumea first order algorithm operating at 100 iterations
per second. Then for 1 Hz coning input frequency the fAt point on the abscissa of
Figure 4.3.8 correspondsto 0.01. The percentage coning errorihat would propagate
would then, from the curve correspond to approximately 1% on the ordinate for the
first order curve, The resultant coning drift rate would then correspond te 1% of

the soluticn to Equation 4,3.8 for the specific cone angles and frequency.

The algorithm performance curves in Figure 4.3.8 are derived using small
angle approximations {(coning amplitude is less than 50), and with zero algorithm
guantization. With quantization,time lagsareintroduced intothe attitude information
and SRA cross coupling errors become more significant, ‘Coning performance is

also influenced by quantization. At low frequencies,coning performance tends to

}
degrade due to quantization however, at higher frequencies the quantization effects
aremasked by the effects of the finite iteration interval and the performance closely

follows the curve shown in 4.3.8,

Note, that the first - and second- order algorithms performance are identical,

These results agree with computer simulations by Otten 12

, and illustrate the
similarity of their algorithm bandwidth characteristics, The significant impfovement
observed by the third order algorithm is related to the use of both past and present
incremental gyro outputs, The point f At = 0,5, represents the theoretical limit in
the ability‘ of any algorithm to recognize any coning input. That is, at least two
samples for each cycle of a sinusoidal input. are required for adequate input
recognition.

Thealgorithm performance characteristics generated in Figure 4.3.8, assume
a symmetrical coning input, The same resultsalsoapply to non-symmetrical inputs,
aswas imposed by the gimbal test system, since the coning error term is a squared
trigonometric function,

The effective coning environment based on gimbal oscillatory data and the
expected first-order algorithm performance is given in Table 4.3.3,
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TABLE 4,3.3 CONING ENVIRONMENT

Frequency Amplitude Coning Input Coning Error for
(radians) a 100 update/second
Inner Outer o algorithm
(hertz) Gimbal Gimbal meru JHR (%)
0.5 0.022 0.024 11,930 179 0.012%
1.0 0.022 0,024 23,720 366 0.05%
5.0 0,011  0.0057 13,800 204 1.4%
10.0 0,004 0.0015 2,800 42 6. 0%
25.0 0,0006 0,0002 110 1.6 25. 0%

4.3.5.c Algorithm Slewing Errors

For a constant-slew rate the rotational angle error for various orders of
algorithm expansion is given in Table 4.3.4 where 0 is the total angle traveled over

the update interval.

TABLE 4.3.4 ALGORITHM SLEWING ERRORS

Algorithm Three Axis Unit Length
Order Slewing Error Degradation Error
1 03 o2
12 4
2 LA al
24 64
3 Al Ayt
480 192 T 12

A trade-off exists in selecting the iteration interval with respect to slew rate
because the errors are dependent on the angle accumulation per update. For high
slew inputs, a relatively fast iteration rate is required to minimize the generated

error. Figure 4.3.92 illustrates these trade-offs.
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The slewing errorsare negligible witha third order algorithm, At 25 iterations
per second in a one radian per second environment the slewing error is less than
1.0 meru (0.015° 1 HR).

4.3.5.4 Algorithm Round-off Errors

Computer round-off errors result from the finite word length used in
implementing thealgorithms, Inthis system, the 100 iterations per second algorithm
uses 37 bits per word, and the 50 and 25 updates per second algorithms use 36 and

35 bits respectively.

Computer simulations 14 have established that round-off errors propagate
as sinusoidal functions. Hence, in the long term, the error averages to zero. The
frequency of propagation is equal to the quaternion frequency which is half the
mechanical slewing frequency of the instrument package. The error magnitude is
a function of the arithmetic operations required in each iteration. Therefore, its
magnitude is independent of the mechanical slew rate, and is a function ef both the
algorithm expansion order and computer word length, The peak round-off error
increases with algorithm complexity and therefore the error will differ for the same
algorithm order depending on the computational efficiencyof the particular program
coding and the number of operations. Hence, the third order algorithm without the
cross product term has less round-off errors. The peak magnitude for a complete

third order algorithm (including cross-product term) is given in Table 4.3.5,

TABLE 4.3.5 PEAK ROUND-OFF ERRORS

Algorithm Implementation Single Axis Slew Three Axis Slew Environment
Environment
100 updates/second 0.1 meru (0. 0015°/HR) 1.0 meru (0. 015°/HR)
50 updates/second 0.3 meru (0, 0045°/HR) 1.2 meru (0. 018°/HR)
25 updates/second 0.4 meru {0, OOGO/HI;{) 1,4 meru {0. 021°/HR)

These errors are not considered significant because of the averaging effect,

4.4 Error Quaternion

The fine grain evaluations of the real time compensationand attitudealgorithms

requires the comparison of the quaternion generated from the attitude algorithm to



(2

a perfect quaternion based on attitude data furnished from the resolver encoders

and system alignment ealibration data.

The perfect quaternion is defined as a unit quaternion that transforms an
arbitrary vector in the body frame (B) to an earth fixed ndvigation frame (N) that .

coincides with the rotary table axes of east, down and north,

. ~N
Perfect quaternion = {(§5)
ect g ap p

Such that

— B _N —_— _N £ (4.4‘.1)
Vi = (qB)p Vg (qB)p
The perfect quaternion is developed entirely from the angular rotations that isolate
the strapdown body frame from the navigation frame. These isolating rotations
include: the gimbal orientation, resolver alignment errors, gimbal nonorthogonalities

and table leveling errors,

The quaternion that is computed from the attitude algorithm output is also a
unit quaternion relating the body frame to the navigation frame, but with a different

formation,
i . =N
Computed quaternion = (4p) (4.4.2)
c
where:
N, _ =N, I _B0
_BO . . . R
dg a unit quaternion equal to the output of the attitude algorithm. It
relates a vector in the body frame at any time to the body frame
att=0. Thusatt=0,3g = (1, 0, 0, 0)
ﬁ%o a unit quaternion that relates the body frame att = 0, to an
inertial frame of reference. It is a time independent trans-
formation since the inertial frame never moves and the body
frame at t = 0 is also fixed.
ﬁ? a unit quaternion which depends only on the earth's rotation
=N . - wiev wieh ;
qp = cos wiet/2 + (] wie _—Em) gin wiet/2 4.4.3)
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wieh - horizontal earth rate component

wiev - vertical earth rate component

wie = \lwiev2 + wieh2

The error quaternions are formed by comparing the perfect and computed

quaternion as follows:

error quaternion in the body frame

- _ =N N '
qu - (CI_B }p (aB)C (4. 4. 4)

error guaternion in the inertial frame

9 - (qg)p () (4.4.5)

Derivations of the error quaternions are given in Appendix I and J. In the
body frame the error quaternion represents the transformation between two body
frames: the actual body frame and the computed body frame. This means that the
error quaternionin the body frame is the difference between where the body actually
is, and where the algorithm indicates it is. Likewise the error quaternion in the
inertial frame represents the transformation between the true inertial frame and

the computed inertial frame,

To demonstrate the significance of the above error quaternions, an analysis
is included in Appendix K which illustrates the effects of alignment errors, gyro

scale factor errors, and gyro drift on attitude error propagation ina slew environment,

A IBM 360/75 program is implemented to compute and plot error quaternions
in the body and inertial frames, The software is written to accept the system
quaternion and angular enceoder information from either magnetic tapes or via the
Bell 201A data set link, Program flexibility is incorporated to bypass select data
points, provide data smoothing and to select the range of the ordinate scale,

4,5 "Land Navigation Software

An inertially stabilized land navigator >

is implemented for real time
processing in the H316 computer. The block diagram of the navigation algorithm
is given in Figure 4.5.1 and the difference equations in Appendix L.. The navigation
algorithm operates at one iteration per second with information inputs provided by

the strapdown system and associated compensation algorithms.

4=27



8e-¥%

GTVITY

Gravity
Compensation
- EARTH'S
AVgn-] RAf!US
ATTITUDE ALGORITHM Velocity dry Ry
- l i —
SPOT | a8® |y :3 W IB Q |BB wg Damping
inertial System- 5
| an.d ’ . n-1
Compensation _ ~ _
Algorithms B i Normalization
VELOCITY =
ALGORITHM
VELOCITY POSITION VECTOR output
VECTOR IN THE INERTIAL
IN INERTIAL FRAME
FRAME
’.— STRAPDOWN COMPENSATION,
VELOCITY AND ATTITUDE ALGORITHMS NAVIGATION
ALGORITHM

Fig. 4.5.1 Inertial Reference Navigator,



The inertially stablized land navigator computes the velocity and position

vectors in the inertial coordinate frame, Forty-five (45) bits of accuracy are used.

A local vertical navigator was also considered for implementation, however,
greater programming complexities were expected because of Coriolis force
compensation requirements. The advantage of the local vertical navigator is that
latitude and longitude parameters are derived in the navigation frame and therefore
conversion computations are not required. For this reason thelocal vertical navigator

provides a better interface for analysis and display purposes.

The inertially stablized navigator by performing computations in the inertial
frame thatis earth centered and non-rotating and therefore doesnot require coriolis
computation, Hence, its algorithm is less complex to implement. The position
vector in this implémentation ( shown in Figure 4.5.2) is earth centered and describes
location (P) on the earth's surface. Note that the Z component is along the polar
axis, and the X and Y components are orientated in the equatorial plane with Y axis
east. From this vector latitude and longitude parameters are then derived. For,
ease of use, the latitude and longitude parameters are computed remotely using the
IBM 360/75 computer via the magnetic tape interface. Appendix L describes the

analysis algorithm,

4.6 Diagnostic and IBM 360/75 Remote Terminal Programs

Inadditionto the calibrationand compensation software diagnostic and analysis
software are required for hardware and software verification, and for parameter

computations.

The verification of the complex algofithms required the writing of various
diagnostic programs in the H316 language, These programs verified the integrity
of the algorithm's instruction; their sequence and interface with the system's

hardware.
The IBM 360/75 computer and its remote terminal facility provides quick
turnaround capabilities that proved indispensable to system calibration and analysis

software development,

The H316 diagnostic and IBM 360/75 remote terminal programs are listed,
with a brief description, in appendix (M}.’
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5.0 Evaluation Results

5.1 Calibration Resulis

5.1.1 In;c rodﬁction

) N Inert1a1 instrument cahbratmn is necessary for the flne gram evaluation of
strapdown system performance Without accurate callbratlon data ‘the isolation of
algorithm quantization and bandwidth errors from the inertial instrument error
sources is not possible, FPeriodic calibration is therefore required to est_aolish the
current instrﬁment calibration. The automatic tesf_ facility permitted instrument
ctertifi.cation nightly,. Inaddition, the large amounts of system c_alibration data provided
. m‘ean_i‘ng_ful‘ statistical insights into the short and long-term data ch_aracteristics.‘

Th1s sectlon dxscusses the cahbratlon procedures and results, Flrst dlscussed
‘1s the g1mba1 ahgnment callbratmn results that determmes the strapdown package
‘orlentatlon with respect to an earth fixed reference frame, The gimbal calibration
results demonstrate gimbal alignment shifts with system temperature cycling and
that 2 linear correlation exisis between accelerometer calibration data and the
gimbal's alignment. These results are important in that they ailowed ‘the routine

verification of gimbal _align_ment with accelerometer data.

‘ Statlc calibration results are next dlscussed in terms of the1r short and long
term statistics, Statllstlcal evaluations of gyro calibration data demonstrated less
than one meru (0.015°/HR) drift siabilit_ies between instrumeot caiibrations. Thirs
c‘onfor‘mls to. the_program's requirement, Ev_aluotion of the gyro ..data over a sixteen
month period has established a level of performance across ‘sev‘eral system
cooldowns and wheel start - stop sequences. The accelerometer data is presented

in Volume II.

~.Dynamic calibration discussions include gyro scale factor and alignment
cahbratmn amsomertla calibration, and verification of accelerometer centripetal

acceleratlon effects

5.1,2 Gimbal Calibration

For this test program, since the gimbal system is thetest bed, the determination
of the orientation of the inner gimbal package withrespect to anearth fixed reference
frame is extremely important. Thus, characteristic gimbal orientation errors

agsociated with leveling errors, gimbal non-orthogonalities and resolver



misalignments were calibrated, The calibrations were then used in a transformation

matrix to define the inner package attitude,

The gimbal alignment errors are defined in Appendix N and Figure 5.1.1 is
the direction cosine matrix, using small angle approximations, that determines the
strapdown package orientation (Xref’ Yref’ and Zref) in terms of an earth fixed
frame (Xe, Ye‘ and Z‘e‘ The earth fixed frame coincides to the test table iriad of

east, down, and north.'

The gimbal calibration, a technique similar to Apollec gimbal calibration
.procedures.uses accelerometer nulls to calibrate thealignment errors. The attitude
difference betiween the accelerometer's horizontally orientated Input Axis and the
test table's horizontal axis defines a specific sum of gimbal alignment errors and
accelerometer alignment and bias. Twenty-four (24) unigue calibration positions
are used with a simultanecus equation solution to isclate the required alignment
magnitude, The calibration uncertainty, a function of accelerometer and test table
positioning uncertainties, is seven (7) arc seconds (0.034 milliradians), Appendix
N lists the calibration positions and calibration equations. The calibration
computations are performed on the IBM 360/75 remote terminal facility,

Gimbal ¢alibration data was periodically obtained during the course of the
program. Review of the data illustrates a gimbal alignment stability within the
calibration uncertainties (0,034 milliradians) for benign test periods that included
no gimbal disassemblies and temperature cycling. Three system cooldowns to room
tempei‘ature (70°F) were experienced during the observation period, reasons included
huiiding air conditioner maintenance, power outages and gyro wheel start problems.
During one of these overnight cooldowns (9 August 1971), the gimbal alignment shifted
greater than the measurement uncertainty. Specifically, the inner and middle gimbal
resolver alignments (¢ JGR and € MGR) shifted 0,18 milliradians and the inner gimbal
non-orthogonality (EIGA) shifted 0.098 milliradians. This occurrence demonstrated
that evenina well designed gimbal system (Apollo 1 technology), structural expansion
and contraction from temperature cycling can cause gimbal alignment shifts to require
recalibration,

The gimbal alignment shift was also observed in the accelerometer calibration
data. For benign test periods, the standard deviation of the accelerometer Input
Axis alignment is generally 0.02 milliradians, Note that this magnitude is similar
to the gimbal uncertainty. Over the 9 August 1971 cooldown, the accelerometer
alignment shifted 0,15 milliradians which is equivalent in magnitude to the gimbal
alignment shift. Hence, the gimbal alignment shift was detected in the accelerometer
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calibration data, Restoration to the baseline accelerometer alignment measured

prior to the cooldown was achieved when the gimbal system was re-calibrated.

The interdependency between gimbal and accelerometer alignment data
demonstrates the usefulness of the accelerometer data to monitor the gimbal
calibration status, Rather thancalibrating the gimbal alignment ona periodic basis,
a task that requires considerable time, calibration is necessary only when the
accelerometer data indicates that it is warranted. Of additional interest is the
possibility that the accelerometer alignment data can be used in an adaptive process
to correct gimbal alignment anomalies, Thus, a system alignment maintenance
capability based on accelerometer inputs may exist and therefore warrants future

study of possible implementation.

5.1.3 Static Calibration

A twelve position procedure is used to calibrate the gyro drift components
and ihe accelerometer's scale factor, null bias and alignment angles, In each of
the twelve positions, gyro A€ pulses and accelerometer AV pulses are accumulated
for a ten minute test pericd. Six of the twelve position are cardinal test positions
with each triad axis orientated, up and down, along a vertical axis. The six remaining
test positions -orientate the triad at an offset angle of 45° from the vertical for
major compliance (aniscelasticity) calibration. The test positions are given in

Appendix P with the pertinent calibration eguations,

The gyro calibration model is a five parameter model {see Appendix D)
comprising the non-acceleration sensitive drift component (NBD), and the three
acceleration sensitive drifts: ADIA, ADOA, and ADSRA, and major compliance (KSS
- Kpp)- '

Input Acceleration
Commanded Axis in Sensitive
Torque Rate Torque Acceleration Sensitive Torques
- —en ) ” - ) s e ~ I A =
SFX ITG = HSMIRA + NBD + (ADIA)aI + (ADOA)aO + (ADSRA)aS
Acceleration
Square Torque Misalignment Angles
/ A \ - A S— {5.1.1)
+ -
Kgg = Kyplagap + Appa flop) + Agp, flwp)

Gyro Calibration Model
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four overnight calibrations (designated as one-third day), 2) ene calibration per
day for three consecutive days, and 3) one calibration per day for three weeks.
The standard deviations are computed for each group; using 27 one-third day
sémples, 9 threeday samples and 3 three week samples. Figure5.1.2isthehistogram

showing the average standard deviation for each period.

‘ The one-third day stability is generally 0.5 meru (0.0075°/HR) or better and
the three day stabilityis 1.0 meru (0.015°/HR). This performance level is adequate

for the maintenance of calibration intergity for the fine grain strapdown evaluations,

Gyro 415 has the best overall stability, however, the resulis are inconclusive
with regard to rating the performance of the 410 series, 18IRIG Mod B gyro, The
gyros selected for test may not represent the typical performance level of their
respective gyro family. In addition, system level tests introduce various unknown
parameters that are impossible to separate from the gyro performance. These
parameters include: gimbal alignment uncertainty, positional (orientation in the
IMU) sen51t1V1tles and differences inthe pulsetorque electronics and power supplies,

mterface and noise levels,

Most of the statistics increase with the test interval. This increase may be
caused by the randomness of data, changes across environmental variations, and/or
a ramping drift with time {(gyro MB-4 ADSRA has a ramp component of 10 merufg
per month),

Note that ADOA and major compliance are generally not time dependent.

The long term gyro drift performance (NBD, ADSRA, and ADIA) are plotted
in Appendix Q for gyros MB- 2 , MB-4, and 415, The test period encompasses a
sixteen month period, April 1971 to July 1972, and therefore measures gyro
performance across five system cocldowns and six wheel stop-start sequences that
are described also in Appendix Q.

Thelong term drift data illustrates known generic physical design performance
problems of the sarly 18IRIG Mod B gyro fdmily used in this test program. One
such problem is ADIA and ADSRA shifts across cooldowns. For example, MB-2,
measured a 20 meru/g change (0.30°/HR) across the 9 August 71 cocldown. This
cooldown sensitivity has been attributed to structural instabilities caused hy

*
The MB gyro population was fabricated by Bendix.



Gyro scale factor and the two gyro alignment angles are also included in the
calibration model, however, their values are entered as known quantities from dynamic
calibration data. Hence, an iterative process is necessary for gyro calibration

between the static and dynamic procedures.

With each accelerometer sensitive drift component calibrated, a gyro bias
drift value is obtained; NBDI, NBDO, and NBDS respectively for the Input Axis,
QOutput Axis, and Spin Reference Axis orientated vertically. It has been observed
that differences exist between the three bias drift magnitudes, for example,
NBDI«NBDO#NBDS. This differenceis caused by positional sensitivities as affected
by measurement uncertainties and thermal gradients. Clearly, because the
phenomenon is observed in both gimbal and strapdown systems, additional study of
fine grain system calibration proceduresiswarranted. Ior compensation purposes,
the average of the three values (NBDI, NBDO, NBDS) is used and for gyro MB-2

this has been determined to be the least square value,

The accelerometer model {(see Appendix C) comprises a single null bias, two

alignment angles, and separaie scale factors for positive and negative acceleration

inputs,
Indicated. Input Axis Accelerometer
Output Acceleration BRias Misalignment Errors
A o, et ———, — A .
9]
——— = A, + B + A an - A g (5.1.2)
srt or SF 1 O ORA™P PA%O

Accelerometer Calibration Model

The acceleration parameter calibration is based on a four position calibration
procedure, Section 5,4 presents the results of studying higher order accelerometer
models with data inputs frorr; up to 48 test positions. The similar five parameter
accelerometer model, however, proved satisfactory with accelerometer compensation
results verified withinthe uncertainty of the null bias, The accelerometer calibration

results are presented and discussed in Volume Il of this report,

The automatic test facility is used to sequence the strapdown package through
the twelve positions required for inertial instrument calibration. Overnight
calibration (four complete calibration cycles in a ten (10) hour period) were run
periodically during the test period. During the four month period (19 May 1971 io
16 September 1971) 180 sets of calibration data were compiled for each inertial
instrument, This data population was divided into three groups: 1) three of the
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dissimilar materials used, for example, the torquer coil support {(beryllium-oxide-
ceramic) and the float {(beryllium), and material mismatches in the wheel assembly.
Significant improvements are anticipated with the 18IRIG Mod D gyro which is
designed with a PM torquer and an integral beryllium oxide coil support that is the
sleeve for the entire beryllium oxide float body. It also hasanintegral wheel gifnbal

assembly and the balance adjustment screws have been eliminated.

A second generic problem is the exponential change of ADSRA over a long
period of time, Gyro MB-4 ADSRA shifted B0 meru/g over a sixteen month period
with a two month time constant. Such shifts can be attributed to the floatation fluid
filling empty cavities and thereby shifting the center of gravity over a period of
time 14 . The 1B8IRIG Mod D gyro has been designed with many improvements
including the elimination of adhesive joints between dissimilar materials, Data on
several instruments has verified that this drift change phenomenon has been

eliminated,

5.1.4 Dynamic Calibration

5.1.4a Gyro Scale Factor and Alignment Calibration

A three position procedureisused to calibrate gyro scale factor and alignment
angles, Ineach position, positive and negative constant rofational ratesareimpressed
about a horizental, east-west orientated axis. The calibration positions and equations

are given in Appendix R,

Data accumulation is achieved within an exact revolution of the applied rate.
Therefore, the contribution of the acceleration sensitive drift components averages
to zero, The nonacceleration drift component is compensated from the accumulated
torque pulses by an amount based on the drift magnitude and test duration. Second
order effects such as anisoinertia are not considered in the scale factor calibration
because of their insignificant effect (less than 0,05 ppm}.

Gyro scale factor calibrations are achieved automatically at a rate of 0,066
radians pér second. From theaccumulated system test data, a six (6) hour standard
deviation of 5.0 ppm and a two (2) month benign test period standard deviation of 12
ppm was demonstrated, The gyroalignment stability is established as 50 microradians
(10 arc second), primarilya test resolutionunceriainty resulting from the alignment
uncertainties of the gimbal system.,
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5.1.4.b Aniscinertia Calibration

Athree position calibration procedure is designed to calibrate the low frequency

anisoinertia coefficient, defined by:

I -1
Anisoinertia coefficient . =SATIA (5.1.3)

ISA’ IIA are the float inertias about the Spin Axis and Input Axis respectively. His

the wheel angular momentum.

The anisoinertia calibration procedure was based on orienting the inner and
middle gimbals with a 45° offset so that the gyro Input Axis is 45° with respect to
the horizontal. The outer gimbal axis is then rotated causing equal rates to be
simultaneously impressed about the gyro Input Axis (IA) and Spin Reference Axis
(SRA}). In each test the gyro SA and IA bisector axis, (the axis of rotation) is along
the east-west line. The calibration positions (7, 8 and 9} and calibration egquations

are given in Appendix R,

The accuracy of the anisoinertia calibration, however, was severely limited
because of a high sensitivity to the gimbal alignment and pulse count uncertainties.
Appendix S presents an analysis that defines the anisoinertia sensitivity to gyro
scale factor errors, pulse count uncertainty and gimbal alignment errors. The
sensitivity to gimbal alignment errorsisinversely proportional to rotational speed.
Because the rotational rateis limited to the full-on rate capability of the gyro loops,
further improvement is not possible in the 45° offset calibration position unless
the gyro input axis is oriented further from the axis of rotation. At this 45° angle,
a 33% coefficient uncertainty was measured for every arc second of alipnment
uncertainty, With an offset of 67.50, the measured sensitivity is 26% of coefficient
change per arc second of gimbal alignment uncertainty. Theseuncertainty magnitudes

severely limited the ability to calibrate aniscinertia in the gimbal test fixture,

Because the inertia difference (ISA - IIA) and the wheel angular momentum
(H) parameters are constant parameters and are accurately measured during gyro
fabrication, anisoinertia calibration was not considered critical in this program,
Section 5.2.2 discusses the resulis of anisoinertia compensation using specification

sheet values for gyro inertia and angular momentum,



5.1.4c Centripetal Acceleration Calibration

Centripetal acceleration calibrationis conducted to demonstrate the centripetal
acceleration phenomencon and to verify the spatial location of the accelerometers

for accurate compensation.

Calibration is conducted by accumulating accelerometer (AV) pulses for four
revolutions ai selected rates from 0.066 to 1 radian per second. The accumulated
pulses, weighted by the accelerometer scale factor, represents an indicated ac-
celeration that includes null bias and centripetal acceleration. The null bias effects
areremoved and an indicated centripetal acceleration function is obtained, illustrated
in Figures5.1.3and 5,1.4 forthe Y and Z accelerometers respectively, The abscissa
scale is rotational rate sguared (wg)’ and therefore the linear slope is the distance
between center of rotation to the accelerometer, The slope value agrees within 0.1
centimeter of mechanical drawing measurements, Hence, the centripetal acceleration
compensation parametersare adequately determined from the mechanical drawings.
The.difference between the indicated acceleration at the posiiive and negative low
ratesisa functionof testing and analysis uncertainties. Onlythree negative rotational
rates were tested and without additicnal points, a more accurate determination of

the calibration curve is not possible.

5-10
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5.2 Compensation Evaluation Results

5.2,1 Introduction

The main objective of this program isto evaluate the performance of aninertial
strapdown system in'dynamic environments, These evaluations centered on the
verification of the real-time compensation models and techniques, discussed in
Section 4.3.2, and onthe understanding of strapdown performance limitations relating

to system quantization and bandwidth.

Significant results are achieved in this program. The coning bandwidth has
been measured and correlates well with thecretical results, Quantization effects
in the coning environment were exhibited by an increase in the low frequency coning

errors as a result of attitude lags,

The assimulation of the coning bandwidth data with OA coupling resultsallowed
the determination of the inherent bandwidth of the OA compensation technique, The
OA coupling compensation bandwidth is found to be a function of the sampling
technique. From the analysis of the test results, it was observed that a more effective
attenuationof OA error propagationisattainable when the OA compensation algorithm
is operated ai a higher iteration rate than the attitude algorithm,

Other results discussed in this text pertain to gyro scale facter linearity
compensation (the results proved 7 ppm compensation effectiveness over the full
dynamic range}, and the compensation of anisoinertiaand SRA cross coupling errors,

Gyro quantization is found te proportionally affect the system attitude uncertainty.

The effective evaluation of strapdown error phenomenon requires the selection
of a specific test environment to isolate the desired error parameter. Figure 5.2.1
depicts the SPOT gyro strapdown orientations with respect to a single axis slew
(constant angular rate) test input. Tabulated in the Figure is a list of the error
sources that are excited with respect to each body axis by a slew about the Z axis,
The predominate error sources in this environment are the scale factor error of
the gyro whose Input Axis is along the axis of rotation and the misalignments of the
gyros whose [As are perpendicular tothe axis of rotation, Thus, the single axis
slew environment is an effective test environment for evaluating scale factor
compensation and scale factor linearity compensation. Analysis of the off-axis

attitude error propagation allows one to size gyro alignment errors,

5-13
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Figure 5,2.2 showsthe gyro orientation with respect to simultaneous test rates
applied about the X and Y axes. Note that the X axis error propagation includes '

contributions from scale factor, gyro alignment, anisoinertia and SRA cross coupling

errors. To adequately evaluate anisoinertia and SRA cross coupling error
compensation, scale factor and alignment error compensation must first - be

determined in the single axis slew environment,

Figure 5.2.3 depicts the single axis oscillatory test environment. The
predominate error source is the pseudo coning drift which propagates about the Z
axis This test environment is used to evaluate the effectiveness of OA coupling
compensationand for end-to-end strapdown bandwidth studies. Quanitzation tradeoffs

are also evaluated in this environment,

Figure 5.2.4 illustrates the multi-axis oscillatory test environment in which
error propagationisdependent onthe relative phase of the oscillations. For example,
in phase oscillations (e=0°) generate anisoinertia and SRA cross coupling errors
about the X axis while quadrature oscillations (E=90°) would generatea coning error
about the 7 axis. Observe that OA coupling error compensation must first be
determined in the single axis oscillatory environment. The multi-axis oscillatory
environment is used to evaluate coning bandwidths and anisoinertia - SRA cross

coupling error compensation.

5.2.2 Bandwidth Studies

5.2,2,a Coning

When two orthogonal axes are oscillated with a 90° phase displacement, a
coning environment is imposed to the strapdown system. The strapdown algorithm
detects the oscillatory inputs, their magnitudes and relative phase, and generates a

third axis drift to cancel the coning drift,

The attitude algorithm has a known effective bandwidth in responding to a
coninginput, This bandwidth was defined using computer simulations and is discussed
in Section 4.3.5.c. The objective of coning testing in this program is to verify the

simulation results and to evaluate the effects of gyro torque loop quantization,

Table 5.2.1 shows the oscillatory inputs applied, the estimated coning drift
generated (based on eguation 4.3.B), and the theoretical coning errors thatare defined
as the algorithm drift output to the coning drift input. Two algorithm orders (first
and third} are evaluated at 100 iterations per second. Coning evaluation at 25 hertz
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was. not conducted because the oscillatory magnitude equaled the. gyro loop

quantization. Under these conditions, large errors will exist in detecting the coning

input,
TABLE 5.2.1 CONING ENVIRONMENT AND PERFORMANCE"
Oscillatory
~ Amplitude .
{radians) Theoretical
Frequency Inner Quter Coning Igput Coning Error (%} .
(hertz) Gimbal Gimbal Meru /hr First Order Third Order
0.5 0.022 0. Q24 23,720 179 0.012 0, 00001
1.5 0.022 - 0.024 11,720 356 0. 05 0. 00008
5.0 0,011 0.0057 13,600 204 1.4 0. 02
10.0 0,004 0. 0015 2,800 42 6.0 0.4

Figure 5.2.5 shows the coning input magnitude in meru (°/Hr) and the
theoretical coning performance for the firstand third order algorithms. Suppression
of the coning drift input is achieved by both algorithms, although the third order
algorithm 1s clearly supefior._ The major difference between the first and third
order algorithm expansionsisa cross product term that upgfades the system attitude
data using angular rate change estimates between ‘glifferent axes, Because of an
oversight in the initial software design, the cross pfoduct term was omitted from
the third-order algorithm implementation. Thus, the coning performance achieved
corresponded to the first-order bandwidth, It was intended to medify the software
and conduct limited testing with the third order bandwidth, However, the failure of
gyros MB-4, 427 precluded further testing, Verification was not considered essential,
however, since the behavior is analytically definable and has been comprehensively
simulated. Inthe constant rotational environment, the cross product term contributes

nothing and the modified algorithm performs as a third-order algorithm,

Three variations of computational quaternion parameters were tested:

1) a 100 iterations per second algorithm with a 5 arc seconds quantization
‘ level, ‘
2) a 100 iterations per second algorithm with a 40 arc seconds quantization
level, and '
3) a 50 iterations per second algorithm with a 5 arc seconds qﬁantization

level.
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The results of operating these algorithms in coning environments from 0.5 to
10 hertzare presented in Figure 5.2.6, superimposed on the theoretical normalized
curves givenin Section 4.3.5.c. Normalizationaccounts for the fact that the abscissa
plots the product of computer iteration time (At) and coning frequency (f). The
ordinate scale is coning error in percent expressed as the algorithm drift output to

the total coning drift input,

Figure 5.2.6 also demonstratesthe fact thata third order quaternion expansion

without the cross product term performs with a first order algorithm bandwidth.

The deviation of performance from theoretical at low frequencies is.a
manifestation of gyro loop quantization effects. The theoretical curves assume a
zero quantizationand, therefore, because of attitude lags introduced by quantization
larger coning errors are expected. Note that with larger quantization levels (for
examprle', the 5 and 40 arc second quantization at 100 iterations per second)} the low
freqﬁ'enc’y error incr.eases (from 0.3% to 0,85% at f At = 0.005). Quantizationeffects
have no effect at higher frequencies because the quantization error is bounded over

a finite interation interval, and the total error magnitude is significantly greater.

At higher frequencies (for example 10hertz), the deviation of the algorithm's
performance from theoretical is the result of distortion effects as the coning
frequency approaches the sampling frequency. This effect tends to reduce

compensation effectiveness because of the reduced amplitude after sampling,

The 50 iterations per second algorithm performs closer to the theoretical
expectation, ©One should not however assume that this is an optimaliteration
rate. Itis probable that testing uncertainties,e,g, phaseadjustments have influenced
the test results and io investigate this further would require a much more accurate

test capability and technique.

* ‘ — - - - ' :

Fora 100 iterations per second algorithm, At = 0,01, Thus the theoretical 10hertz
coning error (At f = .1)is 6% for the first order algorithm and 0.4% for the third
order algorithm, : . :
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The theoreticai coning bandwidth isillustrated in Figure 5.,2.7 by displaying
coning compensation effectiveness* (1-coning error) as a function of {requency for
the first-order algorithms implemented inthis program. Fromthe Figure the coning
bandwidth has a low pass band characteristic. For example, the 100 iterations per
second algorithm starts to rolloff at 2 hertz with 95% compensation effectiveness
observed at 8 hertz.

The test data obtained in this program has verified the basic low frequency
coning bandwidth characteristics, The 50 iterations per second algorithm measured
performance matched the theoretical bandwidth for the test spectrum 1 to 10 hertz,
The measured 100 iterations per second algorithm bandwidth rolled off slightly faster
thantheoretical, within expected testinguncertainties. Gyro loop quantization effects
predominate at low frequenciesand therefore donot measurably affect the bandwidth

characterisiics,

Wider bandwidths are expected with the inclusion of the cross-product term
in the quaternion mechanization. The cross product term third order bandwidth
characteristics derived analytically are displayed in Figure 5.2.8. Note that the
third order bandwidth is extended (approximately 99% compensation effectivity is
achieved at three times as high a frequency}, however, a sharper high frequency
rolloff is evidenced. Future dynamic strapdown evaluations should be implemented

with the cross product term to verify the third order bandwidth.

5.2.2,b Output Axis (OA) Coupling Compensation
Bandwidth

OA coupling errors propagate from lagging float motion (inertia torque) when
angular rate changes are applied about the Cutput Axis, As the float lags the case's
oscillatory motion, additional torque pulses are generated to maintain the fleat at a
null position. The added torque pulses describe an oscillatory motion {(QA coupling
error) that is proportional to the derivative of the input oscillatory meotion, Thus,
the gyro response to the single axis input oscillation is an output correspoﬁding to
'two oscillations that are 90° phase displaced, With respect to theattitude algorithm
these gyro cutpuis correspond to a coning environment even though the third axis

isnot coning. However, theattitude algorithm assumes coning exists and incorrectly

* ,
Coning compensaticon effectiveness measuresthe amount of coning drift suppressed
by the attitude algorithms,
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applies an attitude drift correction to the third axis, Thiserroneous drift correction

is termed "pseudo coning drift"”, and equals:

2 2
pseudo coning drift = E__IE{-—LU-—
2
where: .
a = peak amplitude of the oscillatory input

£
]

ogcillatory frequency I/H is the gyro parameter ratio: float in-

ertia about OA/wheel angular momentum. .

The evaluation of OA coupling compensation bandwidth is described in
conjunction with Figure 5.2.9 . The test environment is shown in Figure 5.2.3.

Note that the attitude algorithm senses the input oscillations on the X axis and on
the Y axis, uncompensated OA coupling errors. To compensate the OA coupling
error, rate estimates are derived from a second gyro whosé Input Axis is collinear
with theinput excitation (asinwt). From theserate estimatesa rate change magnitude
is determined and scaled by the gyro ratio, I/H, to estimate the OA coupling oscillation,
The estimated oscillation is subtracted from the gyro whose output reflects the OA
coupling oscillation, The difference represents the OA coupling error seen by the
algorithm.

The character of the pseudo coning error propagation is directly related to
the attitude algorithm's bandwidth defined in Section 5.2,2.a from the coning'
environment results. Coning bandwidth is low pass with the theoretical three (3)
db point established as 22% of thealgorithm's iteration rate and with an approximate
6/octave rolloff slope. If QA coupling errors are uncompensated and pass through
to the attitude algorithm, they will propagate as a pseudo coning drift in the system
attitude performance and will roll off with the coning bandwidth, Thus in the region

inwhich coning correctiondegrades, uncompensated pseudo coning drift is attenuated,

Figure 5.2.10 shows the pseudo coning error drift measured with a 100
iteration per second algorithm and compares this data to the theoretical drift error
calculated from oscillatory magnitudes givenin Section 3.5.6 (Table 4.3,6) and using
Equation 4.3,7 . Themeasured drift correlatestothetheoretical drift within testing
uncertainties (quantization, frequency, and oscillatory amplitude), Thus, the coning
bandwidth is not a limiting factor for the 100 iteration per second algorithm for the
test spectrum, 0.5 to 10 hertz. '

Also shown in Figure 5.2.10 is the significant reduction in pseudo coning drift
that was achieved with the same test inputs but with the OA coupling errors
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compensated., The compensation scheme used also has bandwidth limitations which

are considered next,

Functionally, the compensation technique estimates the OA coupling oscillation
and subtracts the estimate from the true oscillation. In a low frequency band this
compensation method is effective and no OA coupling error is propagated into the
attitude algorithm (Y axis). However, as the oscillatory frequency increases and
approaches the compensation iteration rate, the compensation effectiveness degrades.'
Degradation begins when the oscillatory frequency is one-tenth the iteration rate,
verified with 25 and 100 iterations per second algorithms on IBM 360/75 computer

simulations.

Figure 5.2.11 shows the simulation results by plotting the OA coupling
compensation effectiveness for the 25 and 100 iterations per second algorithms,
Observethe low pass bandwidth characteristics with approximately 30% degradation

when the forcing frequency is one-tenth the iteration rate.

Now, the evaluation of the OA coupling phenomencn, operating end-to-end
through the compensator and attitude algorithms, is possible by considering the
combined effects of the OA compensationand the coning bandwidths, Figure 5.2.12
shows the combined effect based onsimulation studies with a 25 iteration per second
algorithm, Pseudo coning error is expressed in Figure 5.2,12 as the ratio of’
pseudo coning drift with bandwidth limitations considered to the theoretical pseudo

coning drift of an infinite bandwidth algorithm.

Three areas of performance are observed: 1) at low frequencies, the OA
coupling error compensation is completely effective and therefore no error is
propagated to excite the coning bandwidth. '2) As the frequency increases, the OA
coupling compensation losesits effectivenessand excites the attitude algorithm with
what appears to beconing. The attitude algorithm's response is to impose a coning
drift correction. Thus, the pseudo coning error increases as the input oscillation
frequency increases. 3) As the frequency increases further, the coning bandwidth
is encountered and the algorithm’s capability to correct forareal coning environment
degré;des. In this region pseudo coning errors flatten out and start to decrease.
Hence, QA coupling error propagation is affected by two separate bandwidths: 1)
the coning bandwidth, and 2) the OA compensatien bandwidth,

Figure 5.2,13 shows the end-to-end OA coupling performance data for three
algorithm iteration rates. Pseudo coning error, defined as the ratio of measured
pseudo coning drift with compensation to the theoretical pseudo coning drift without

compensation, is plotted as a function of frequency,
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The 25 and 50 iterations per second algorithms match the simulated results
givenin Figure 5.2.12 . Observethat the 25 iterations per second algorithm begins
to degrade at a lower frequency than the 50 iterations per second algorithm, This '
is the effect of ihe OA coupling compensation bandwidth. Note also that the 50
iterations per second peak occurs at a higher frequency than the 25 iterations per
second algorithm because of its wider coning bandwidth, If a wider test spectrum
were possible, the 100 iterations per second algorithm would also illusirate a peaking

effect in the 20 to 30 hertz range.

One should recall that in each of these tests the OA coupling compensation
routine operated at the same iteration rate as the attitude algorithm. Thus the
analysis and the test resultis show that for optimum suppression of pseudo coning
the OA coupling compensation algorithm should operate at a higher iteration rate
than the attitude algorithm. For example, referring to Figures 5,2.8 and 5.2,11,
one observes that if OA compensation is operated at 100 iterations per second a
30% OA coupling error exists at 10Hz, however, if the algorithm iteration rate is
25 per second the coning correction bandwidth (roll off} is encountered at 5Hz and
negligible pseudo coning drift propagates. Hence, as the compensation algorithm
ioses effectiveness, the coning bandwidth will have already degraded sc that the
coning environment is not recognized. Clearly, various tradeoffs of algorithm
implementation exist, especially in consideration of the wide range of dynamic inputs
and error sources which warrant meaningful evaluations with respect to specific

test environmenis,

5.2,3 Anisoinertia and SRA Cross Coupling

Compensation

Anisoinertia and SRA cross coupling errors are generated in the multi-axis
environment. In the slew environment if rates are applied simultaneously about
the Input Axis and Spin Reference Axis an attitude drift errodWD) is generated as
defined by:

I, I
Wy = (&H_IA) ¥1ra Wsra " (Fo) Wsra *(Fm) Wira Vsra

o -

e " L _— )
Anisoinertia Error : SRA Cross Coupling
Contribution ' Contribution
Anisoinertia
Igp - float inertia about the Spin Axis,
IIA - float inertia about the Input Axis,

H - wheel angular momentum,
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SRA cross coupling

Fo- float hangoff in deadzone of torquing region.
Fm - additional average float hangoff due to input rates about the Input
Axis,

SRA cross coupling errorsoccur from Input Axis misalignment resuliing from
float hangoffs, Float hangoff is a linear, rate dependent function as illusirated by
the calibration curves in Section 3.7.3.¢ for a 40 arc second quantization gyro loop.
From similar curves developed earlier for a 8 arc second gyro loop, the calibrated
SRA crgss coupling coefficient was determined to be Fo = 10 microradian, and Fm
= 4.5 x 10”% radians per radian/second of Input Axis rate,

Anisoinertia errorsoccur from simultaneous rates applied to the unequal Spin
Axis and Input Axis float inertias. For the low rate capability of the gyro loops at
8 arc second quantization (0.2 radians per second) anisoinertia could not be calibrated
dire'é{ly because of gimbal alignment uncertainties. To circumvent the calibration
difficulty, a nominal anisoinertia coefficient is derived from known gyro inertia
and angular momentum magnitudes. For gyro MB2 a nominal anisoinertia of 1,2

10-4 radians/radian per second was estimated,

A multi-axis slew lest was conducted to verify the anisoinertia ~ SRA cross
coupling compensation model described in Equation 5.2.1 and the validity of using a
nominal anisoinertia coefficient. Rates of 0.16 radians per second were applied
about both the Input Axis and Spin Reference Axis of the X gyro (MB2), At that
input, the theoretical drift error is 122 meru (1.83°/Hr). Without anisoinertia and
SRA cross coupling errors compensated the measured drift was 138 meru (2.07°/HR).
With the error terms compensated the measured drift rate was -3 meru (-,045°/HR),

. Figures5.2.14and 5.2.15 show the attitude error propagation for the compensated
and uncompensated conditions. These results verify the compensation model and
the adequacy of the use of the nominal anisoinertia coefficient for this gyro.

Preliminary evaluation at higher rates (0.5 radians per second) were also
conducted, however, with changed compensation parameters because of new gyros
anda gyroloop scaling change. Atthese new conditions, the gyro's (427A) anisoinertia
coefficient was estimated to be 1.0 x 10-4 radians/radian per second and the SRA
cross coupling coefficients calibrated to be Fo = 20 microradians and Fm = 2.57x
1(]-4 radians/radian per second. The initial results were ambiguous and final detailed
testing was precluded by the program's termination due to a hardware failure. It
is probable that at higher rates, gimbal alignment and compensation uncertainties
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are significant, For example, a ten arc second uncertainty in the gyro's alignment
at 0.5 radians per second causes a 332 meru (5°/Hr) error sufficient to mask the
evaluation of the anisoinertia compensation performance. Additional evaluation of

high rate multi-axes environment error phenomenon is recommended.

Another area of interest is the determination of the sensitivity of system
anisoinertia - SRA cross coupling attitude drift to the compensation load. This
was done at low rate conditions (0.15. radians per second) by varying the compensaticn
load +20% and -50% from the nominal compensation load., The results are shown in
Figure 5.2.16. The linearity relationship shownisvalid for the rate condition tested,
Since anisoinertia and SRA cross coupling errors are a multi-axis environment
phenomenon, the linearity magnitude is a non-linear function which varies as the .
square of therate (assumingWIRA =WSRA)' Hence, a family of sensitivity functions
are expected over the full dynamic range. In Figure 5.2.16 the linearity magnitude
is 26 meru (0.39°/Hr) per 1 x 107 %
At 0.5 radians per second the expected linearity is 289 meru (4.3°/Hr) per 1x

radians/radian per second compensation change,
10_4 radians/radian per second,
Anisocinertia and SRA cross coupling errors were evaluated in the multi-axes

oscillatory environment. The relationship that defines the drift error propagation

in the oscillatory environment is expressed as:

I ) - I 2 : 2
_ SRA ™ IA  acw _ 2 _ acw
ATTITUDE DRIFT = ( T ) 5 cos¢ - — F,aw _Fm_—-z cos¢
2'el L e ~
Anisoinertia SRA. Cross Couj:»ling
Contribution - Contribution
where a,c are the input execitation peak amplitudes -

is the phase difference of input excitation

w ' is oscillatory frequency
Fo is the float hangoff offset (20 « radians)
ISA () - IIA is the frequency dependent aniscinertia coefficient
H 4. ‘ .
(1x10 4 sec below the wheel hunt frequency)
F_, ' is the: SRA cross coupling coefficient (2.57 x 10-"'L sec)
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The anisoinertia coefficient is now a function of frequency. At the wheel hunt
frequency, the wheel rotor element decouples from the input oscillatory motion and
thereby shifts theinertia difference(l, SA(f) - IA) from 21 gm-cm2at low frequencies

to -40 gm—cm2 above the wheel hunt frequency.

Applying the calibrated parametersand environment magnitudes to the attitude
drift equation {Equation 5.2,2}, drift magnitudes were computed. These results,
are compared to measured data with anisoineriia -SRA cross coupling error

uncompensated in Figure 5.2.17,

Clearly, the strapdown system performance exhibits the predicted wheel
decoupling phenomenon, The close correlation between measured and theoretical
below 5 hertz verifies the error model, Hence, the low fregquency compensation
model seems adequate, At 5 hertz and abo{re, the measured data differs from
theoretical, This difference is related to other uncertainties such as testing {(phase
and amplitude adjustments) and bandwidth limitations of the algorithms. For
example, because of the bandwidth limitations of the OA coupling compensation
algorithms, a 20 meru (0.3°/Hr) error is contributed at 5 hertz by OA coupling
errors and at 10 hertz, 10 meru (0.15°/HR) is contributed.

The peaking anisoinertia ~ SRA cross coupling error illustrates the importance
of accounting for wheel decoupling effects if environments above the wheel hunt
frequency are anticipated. Compensation for this effect may require frequency
signature analysis of the gyro data to determine the coefficient to be used for
cdmpensatibn. If only low frequency environments are anticipated then the simpler

low frequency compensation model is adequate.

5.2.4 Algorithm Dynamic Uncertainty

5,2.4,a Attitude Uncertainty

Gyro loop quantization affects the level of system attitude uncertainty. This
'relationship is verified with the comparison of attitude error profile for two
guantization mechanizations: 1) the 40 arc second quantization of the gyro torque
loop, and 2) the 5 arc second quantization from interpolator information.

Figures 5.2,18 and 5.2.19 illustrate the attitude error propagation for two

quantizationlevels (40 and 5 arc seconds respectively) operating witha 100 iterations

per second algorithm, .
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The test environment is 0.5 hertz with a 0,024 radian peak amplitude. It is
interesting to observe that the peak-to-peak attitude uncertainty is 5.5 arc seconds
for the 5 arc seconds guantization conditionand 37 arc seconds for the 40 arc second
quantization level, Thus, a proportional relationship exists between the quantization
size and the attitude uncertainty level. This relationship is also observed in test

results at 1 and 5 hertz.
5.2,4.b Bandwidth

Quantization level is observed not to effect bandwidth performance, Thisresult
was determined with a simulated third order algorithm (without the cross product
term) operating in a 1° single axis oscillatory environment, Table 5.2.2 tabulates
the pseudo coning error (algorithm drift output with OA coupling errors compensated
divided by the theoretical pseudo coning drift} for two quantization levels 2-15 and

2 20 radians,

TABLE 5.2.2 PSEUDO CONING ERROR

Theoretical
pseudo co%ing' Pseudo Coning Error (%)

‘ drift for 1 -15 T —20
Frequency Environment 2 radians 2 radians
{(hertz) {meru) (6.3 sec) (0.2 scd)

0.5 41 1.9 0.3
1.0 163 2.0 1.0
2.0 653 3.5 4.0
5.0 4,082 19.0 18.3
10.0 16,327 7 17.8 17.8
20.0 65, 308 22.2 22,2

The high frequency coning errors are unaffected by quantization, Low frequency

error differences are the result of attitude informationlags introduced by quantization.

System tests to verify the effects of quantization requires the consideration
of the relative magnitude of the oscillatory motion with respect to the gyro-loop's
guantization, Figure 5.2.20 shows this relationship between guantization and the
Output Axis (QOA) coupling oscillation,
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Note at 15 hertz, the float displacement is only four times the 5 arc second
gquantization level. At this point, the ability of the attitude algorithm to detect
magnitude and phase of the system's oscillations is marginal and uncertainties are
expected, Therefore, meaningful evaluations at 5 arc second gquantizations are

restricted to below 15 hertz,

The 40 arc second quantization results are expected tohave large uncertainties,
Below 0.8 hertz and above 8 hertz, the quantization exceeds the float motion, Hencé,
in these regions the OA coupling oscillation is not detected and no pseudo drift
errors will be generated. Even the region 0.8 to 8.0 hertz, the uncertainty in the
pseudo coning drift propagation is likely with the 40 arc second quantization since
a sizable amount of the float motion is still masked by the torgue threshold and

quantization.

Figure 5.2.21 shows the measured pseudo coning drift for the two levels of
quantization and a 100 iterations per second algorithm. Observe that with the 40
arc second quantizationalgorithm since the OA coupling oscillations are suppressed
at higher frequencies, a lower pseudo coning error exists., At 0,5 hertz, although
the OA coupling oscillation is less than the 40 arc second quantization, a pseudo
coning error (22%) was measured. This error propagation, shown in Figure 5.2,19
was a constantly drifting error with a 120 microradian attitude change during the
test interval. This drift is still within the pulse torque threshold for the test time

and therefore represents system uncertainty,.

9.2.5 Pulse Burst Compensation

Pulse burst compensation effectiveness may be verified by observing the
patternof gyro torque pulses fora given test interval. This procedure was followed
with the gyro loops compensated for pulse bursting and then without compensation,
Significant improvement was observed, Without compensation thirty eight different
patterns were observed, 88% of which involved double pulsing. With compensation
only four different pulse patterns were observed and none with double pulsing.
‘Hence, the compensation scheme (Reference Section 2.3.1) is effective, by reducing
the multiplicity of pulse patterns and the occurrence of pulse burst, Therefore,

pulse burst compensation reduces the ambiguities of attitude information.

The verification ofthe effect of ambiguities on system performance is desired.
The test environment selected is the single axis environments {oscillatory and slew)
. which in retrospect is not adequate for evaluating the pulse burst phenomenon.
The oscillatery environment marginally exceeded the threshold rate level that is
required for pulse bursting (13% of full-on rate, see Section 4,3,1). Re-test at
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higher oscillatory magnitudes were planned bui were precluded due to terminatioq
of testing. In the slew environment the short term instabilities were averaged out
by the sampling of attitude data for plotting purpose, Each point plotted isanaverage
of 480 interrogation periods,

A more effective test environment would have been in a multi-axis slew
environment with a rate below the pulse burst threshold about one axis and a rate
above the threshold about a second axis. Under these conditions, the ability to
compensate cross axis errors such as SRA cross coupling would probably have

degraded as a result of the pulsing instability.

5,2.6 Scale Factor Linearity Compensation

Scale factor linearity is an error phenomenon that is characteristic of
permanent magnet torquer gyroscope/torgque-to-balance loop operation. Thelihearity
erroris evidenced as achangein the scale factor of the quantized pulse as a function
of the input rate (frequency of torquing). For the 18 IRIG and the ternary
torque-balance control loop used in this program an essentially linear error
curve (scale factor increasing with rate) has been evidenced, (see Figures 3.2.3
and 3.2.4 of Section 3.2.3.b).

The model used for compensationin the system isa linear scale factor function
with respect to Input Axis rate, Rate estimates derived from the gyro accumulated

torque pulse establish the cperating point on the compensation curve.

The evaluation of the linearity model is conducted in the single axis rotational
environment, In this environment, the end-to-end performance through the
compensation and attitude algorithms is easily evaluated because the attitude error
propagated about the slewing axis is essentially the scale factor error (see Figure
5.2.1).

The system sensitivity to scale factor linearity errors was evaluated by rotating
‘the system at eight rates over the full gyro torque loop range. The full strapdown
algorithm was excited, and therefore the resultant attitude error drift was scaled
to reflect the equivalent scale factor error in parts-per-million (ppm). The evaluation
was first conducted without linearity effects compensated. The attitude error (see
Figure 5.2.22) depicts the rate dependent scale factor with a 50 ppm spread over
the full dynamic range. This is the typical scale factor spread for a resistively
tuned 18 IRIG Mod B gyro torquer.
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Compensation was then applied, using a 50 ppm linearity model for positive
ratesand a 43 ppm linearity model for negative rates. The results in Figure 5.2.22
show that compensation was effective to within 7 ppm spread over the entire test
range which is well within the calibration and compensation uncertainties and

demonstrates the effectiveness of compensating the scale factor linearity effects.
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'5.3 LAND NAVIGATION RESULTS

5.3.1 Latitude and Longitude Errors

An inertially stabilized navigator updating at a rate of one per second was
implemented for real time processing in the H316 minicomputer, The attitude and
velocity algorithms were operated at 100, 50, and 25 iterations per second, Testing
of the system was conducted o evaluate performance of the compensated strapdown
system in a dynamic environment as processed through the navigation algorithm,
The initialization system orientation used during navigation testing is illustrated in
Figure 5.3.1 (Z axisisalong the polar axis, Y axisis east, and the X axis completes
the right handed iriad), This orientation was chosen for the simplicity afforded in
the software implementation by not requiring a coordinate frame transformation or

Coriolis compensation,

Polar

North

Y East

L = Latitude Angly

Fig. 5.3.1 WNavigation Evaluation Orientation.
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In a relatively static environment, a properly operating Schuler tuned iner-
tial navigator17’ 18 operating on the surface of the earth with the system orienta -

tion shown in Figure 5. 3.1 has performance characteristics that include:

1. a bounded latitude error that hasa Schuler oscillation (84 minute period)
superimposed ona 24 hour sinuscid. The Schuler oscillation magnitude
is primarilya function of the X and Z accelerometer scale factor, bias,
and alignment errors. The 24 hour sinusoid magnitude is a function of

the Y gyro drift error and system alignment errors.

2. a longitude error that is composed of three components: a Schuler
oscillation, a 24 hour sinusoid, and a ramp function. The Schuler
oscillation magnitude is a function of the Y accelerometer scale factor,
bias, and alignment error, and the 24 hour sinusoid magnitude is a function
of the X and Z gyro drift error and system alignment errors. The
ramp is a function of the gyro drift error about the polar axis (Z gyro).

Figures 5.3.2 and 5.3.3 shows the latitude and longitude errors respectively
for a 93 hour period with the system in the position given in Figure 5.3.1. Note
that the latitude error is bounded and has two sinusoid components; the 84 minute

and 24 hour oscillation.

Based on sensitivity studies and tests conducted in the 5IRU utilization program
the Schuler oscillation in Figure 5.3.2 of 0.25 nautical miles is equal to a 35
microradianinitialization alignment error about the North Axis (equivalent to 0.035
cm/sec2 accelerometer bias). The 0.2 nautical mile per hour slope (first three
hours) of the 24 hour sinusoid component is equivalent to an East Axis drift of
0.003°/hour. These errors are derived with an earth fixed system, navigating with
single position calibration data that was adjusted for the specific navigation
orientation. Thus, the bulk of initialization alignment errors were artificially
compensated by adjusting the accelerometer bias compensation and the errors
observed in the above navigation performance are the residual error after this

compensation,.

The longitude error in Figure 5,3.3 isa ramping 24 hour sinusoid with Schuler
oscillations superimposed. The 0.05 nautical mile Schuler oscillation magnitude
translates into East Axis initial alignment error of 7 microradians (equivalent to
0.007 cm/secz). The 0.7 nautical mile per hour slope (first three hours) of the 24
hour sinusoid component is equivalent to a North Axis drift of 0.0105° /hour.
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Agnoted, a single-position-calibration load wasused inthenavigational testing
procedure. This is consistent for land navigation in a real-flight environmint.
The single-position calibrations load normalizes the orientation sensitivities of
the strapdown package as installed in the gimbal assembly., For example; the drift
sensitivities, referred to in Section 5.1, obtained from the multiposition calibration
procedure showed a spread between 0,03%/hr~0.45°/hr (1-3 meru) for drifts derived
from different position dependent equations (IBED, OBD, and SBD, Appendix P).

The ultimate demonstration of navigational nerformance accuracy is limited
ading this gimbal test configuration due to the inability to precisely establish the
strapdown triad body frame with respect to the initialization inertial attitude, For
example, it was estimated that absolute positioning uncertainty, using the gimbal
readouts, with respect to an absolute reference is on the order of 50 arc seconds,
Theuncertainty is inherent in the gimbal non-orthogonalities, the resolver readouts,
and the uncertainties in measurement of the strapdown triad with respect to the

gimbal axes.

Land navigation testing was also conducted with oscillatory and slew inputs,
For the osecillatory inputs the single position load in a first order sense is still
satisfactory since the average orientation of the body did neot change. With regard
to initialization uncertainties, rectification errors may be anticipated that cause
the axes perpendicular to the rotational axes to both drift as well as indicate an
apparent net acceleration, In general,one would expect performance degradation to
be more pronounced in the inertial navigator mechanized in these tests, As opposed
to a local-level implementation (in which the two sensing accelerometer axes are
level) both the X and Z accelerometers in this inertial orientation see a sizable
portion of "g". Another error source introduced that is considered negligible
corresponds to the influence of output axis coupling, The X accelerometer has its
OA collinear with the oscillatory axis. For the QA coupling input (1 Hz at 0.024
radian) however the effective float motion is below the torquing threshold, less 1
arc second, and negligible QA otuput or PRA cross coupling errros should be
introduced.

Slew testing was conducted with constant rate, approximately 50 revolutions
at 4°/sec applied about the Y body axis of the strapdown package, As a consequence

of this rotation the X and Z axes are tumbled continuously in the "g'" field, clearly

Insufficient space existed in the gimbal assembly to allow satisfactory thermal
gradient design shielding.



a non-representative environment. Muliiple error sources are excited with the
inertial orientation reference frame used in this test, As one might expect the
single-positi'on—calibration load that was used could not accuratey account for the
previously discussed. orientaticn sensitivities, a completely new thermal gradient
condition was established in the tumbling mode, The body-inertial frame initialization
uncertaihty now represents a significant error source that propagates in a manner
similar to gyro and accelerometer misalignments but is systerﬁatic in nature, i.e.,
one frame is rotated with i*esjaect to the other. Thus, both gyro and accelerometer
errors are introduced in a similar manner and tend to be reinforcing. Additional
errorsare introduced by the rotationabout the horizontal Y axis, which alse tumbles
the X and Z accelerometers. The rotation excites the Y gyro scale factor but the
tumbling also introduces accelerometer asymmetry and linearity error sources,
Finally, since the navigational algorithm was operating at a one per second iteration

1t

rate, velocity sampling errors in tracking the cycling g inpui (approximately a

90 second period) are likely to further degrade n_avigational performance.

As is obvious, in retrospect, slew testing conducted in this manner was
ill-defined. Precise representations of relevant error propagation terms could not
be deduced nor could representative strapdown performance capabilities be reflected.
Use of a local-vertical navigational mode would have been more consistent with a
sléw test '-evaluation. In this case one would have rotated the platform about the.
vertical axis thereby exciting more realistic error sources while keeping the two
sensing accelerometers near null. Recognizing these factors, a subsequent test
procedure was defined in which the inertial reference navigator would be initialized
s0 that its axes were in a local vertical orientation as opposed to the polar axis
orientation. The inertial navigation mode would still be used, avoiding the necessity
for an entire softwarerecoding effort. Local vertical initializationaccuracy however
would .nov«‘.' be consistent with the null bias uncertainties of the two horizontal
accelerometers. Rotation about the Z axis of the platform would then primarily
reflect gyroscale factor and misalignment error propagation effects. Unfortunately,
retest in this orientation was precluded by the gyro failure that was experienced
during the retesting phase of the program. To provide a more realistic base-line
of strapdown capabilities we have included in this report a slew test conducted at
5° per second onthe SIRU strapdown system with the system initialized and operating

in a local-vertical mode.

5.3,2 Oscillatory Test Results

. Navigation results were accumulated with oscillatory tests at attitude and

velocity algorithm iteration rates of 100, 50 and 25 per second.



Tables 5.3.1aand b present the results of the oscillatory tests—1 hertz, 0.024
radians peak to peak, for 1 hour. With the navigation algorithm operating at a rate
of one per second, the variation in the velocity iteration rates (100, 50 and 25 per
second) becomes a measure of effect of coarseness on the navigation performance.
The magnitude of the Schuler oscillation in latitude (Table 5.3.1a) is consistent for
all testsindicating anindependence from AV iterationrate however it is excessively
high (equivalent to approximately 0,25 milliradian leveling initialization error).
This error is attributed to a misalignment of the XZ plane about the East (Y) axis
body frame with respect to the earth centered inertial frame at initialization and is
consistent with the estimated absolute positioning capability of the gimbal fixture.

The slopes of the 24 hour sinusoids are tabulated and presented as a general
indication of the Y gyro performance. Because of the relatively short test times,
accurate slope determination is not feasible, The variation in slope for the three
iterations are assessed to be a function of the initial azimuth alignment for each

test.

It is interesting to note that with the algorithms operating at 25 iterations
per second,the 24 hour slope was better than at 30 and 100 iterations per second.
These results do not correlate with the pseudo coning bandwidth studies conducted
in Section 5.2.2.b and therefore it is believed that the 25 iterations per second
performance reflects an extremely good alignment initialization for that particular
test,

5.3.3 Slew Test Results

As noted in the prior discussion, initial slew evaluations in a navigational
mode were conducted such that error propagation was significantly influenced by
the test initialization uncertainties and the test method, for example tumbling the
platform in the "g" field introduced several unrealistic error sources. The test
performance degradation was reasonably bounded however, considering the tumbling
environment and the number of input revelutions, 50, For example, in the three
different 40 per second slew tests, using algoriihm iteration rates of 100, 50 and
25 per second respectively, the Schuler oscillation magnitude in longitude cor-
responded to 1, 1.5 and 2 nautical miles. In latitude the Schuler magnitudes were
1.1, 3 and 4 nautical miles for the same tests, These amplitudes are not inconsistent
with the estimated 1/4 milliradian nominal uncertainty inthe gimbal chain positioning
of the strapdown triad, in that the Schuler aniplitude coefficient with respect to the
accuracy of leveling initialization is theoretically 7 nautical mile per milliradian,

With regard to the 24 hour slope, the longitude error corresponded to approximately
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Attitude and
Velocity Algorithm
Iteration Rate

Schuler
Oscillation
Peak Magnitude

Fquivalent
Initial Alignment
Uncertainty in
the Horizontal

24 Hour Period
Oscillation Slope
{(Nautical Miles /Hour)

Equivalent
Y Axis Gyre
Drift (°/Hour)

{Iterations/Second) {Nautical Miles) Plane (Milliradians)
100 0.3 ~2.0 0.03
50 0.28 ~3.0 0.045
25 1.7 0.25 ~0.86 0.009
Table 5.3.1a. Latitude Error (1 Hertz Oscillatory Environment)
Attitude and Schuler Equivalent . .
Velocity Algorithm Oscillation Initial Alignment g;cli-{ﬂlt{l‘oiesrllc?de x Edqglzgal.eng
Iteration Rate Peak Magnitude Error (Nautical Miles /}?our) ?)r;.ft © ;'III{S }){'I‘O
(Iterations /Second) (Nautical Miles) (Milliradians) ! our
100 0.55 0.08 ~1.5 0.022
50 0.6 0.08 ~3.0 0.045
25 0.3 0.045 ~0,1 0.001

Table 5.3.1b. Longitude Error (1 Hertz Oscillatory Environment)




5 nautical miles per hour in all tests while the latitude 24 hour sinusoid error
propagation slope was on the order of 6 nautical miles per hour at 100and 50 iterations
per second., At 25 iterations per second the 18 nautical mile per hour slope in
latitude that was observed is considered to represent a significantly larger
initialization error (retest was not possible). This conclusion appears to correlate
well with the 8 nautical mile Schuler magnitude in latitude (2.3 times the estimated
0.25 mralignment uncertainty) in the same test. From theseresultsit would appear
reasonable to conclude that for the slew environment testing, basic navigational
performance is unaffected over the 25 to 100 per second range of iteration rates
used for the attitude and velocity algorithms. This conclusion is consistent with
theoretically derived drift rates of athird order attitude algorithm (reference Figure
4.3.9) that show for a 4° per second slew the equivalent computational drift is
considerably less than 0.00015° per hour (0.01 meru),

The observed 5 nautical mile per hour latitude and longitude 24 hr slopes are
surprisingly low when one considers all error sources excited by the constant Y
axis rotation. For example, if we assume gyro scale factor error propagation effects
only, an equivalent Y system axis drift rate of 0.075%/hr corresponding to ap-
proximately 5 ppm scale factor uncertainty would be projected, The more likely
occurrence is that multiple errors are being excited and that varying degrees of

cancellation exist,

Finally, to provide a more representative base-line of navigational strapdown
performance in a slew mode a test made on the SIRU (redundant strapdown system) '
is presented here, The SIRU facility and software implementation allows a more
accurate leveling initialization (gyrocompassing mode with accuracies on the order
of 10 seconds of arc). A local-vertical navigator is implemented and the system
was constantly rotated for six hours about an’axis coincident with the vertical
(accelerometers are essentially null sensing) at 5°/sec. The attitude and velocity
algorithms iteration rate was 50 per second and the navigational equation operated
at a rate of one per second. Although the SIRU dynamic compensation was not as
comprehensive* as in SPOT the test results (Figures 5.3.4 and 5.3.5) are indicative
of what can beachieved and clearly evidence the reduction in the Schuler magnitude,
The latitude (Figure 5.3.4) and longitude Schuler peak position error corresponded
to 0.5 nautical mile, equivalent to approximately a 14,5 arc second of alignment
initialization uncertainty,

SIRU dynamic compensation does not employ SRA, anisoinertia or scale factor
linearity modeling for the gyros and only average scale factor is used for the
accelerometers. The SIRU geometry does however, when all six instruments are
used, have a measurable level of SRA-Anisoinertia error self-cancelling,
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The 24 hour slope for both latitude and longitude is approximately 2 nautical
miles per hour. For this SIRU data, the error propagation is more directly
representative of the gyro SF and alignment uncertainties. Other probable error
sources in the SIRU test at this slew rate although not as dominant arise from the
lack of compensation of the SRA and aniscinertia terms. Although  they are
self-cancelling because of the geometry, the rotation about a single axis does excite
these terms due to the non-orthogonality of the SIRU-IA arrangement, Any off-nominal

coefficients will therefore result in some second order dynamic error propagation.
5.3.4 Summary

Withregard toall of the slew testing one should recognize that a 59 per second
constant rotational rate applied for 6 hours is clearly not representative of any -
realistic environment, The navigational performance that is evidenced therefore
in these test results does not directly relate to what might be anticipated in an
aircraft mission. The navigational implementation does provide a very sensitive
indication of initialization alignment accuracy as well as initial calibration residual

errors, ‘

Unfortunately the navigationél test evaluations were terminated due to the
system ‘hardware failure so that a more comprehensive evaluation using the
recommended procedural changes could not be effected. Similarly, a comparative
evaluation of performance without the full complement of compensation medels was

not possible.

In general for the limited testing that was done the modeli'ng appeared to be
adequate and performance was consistent with the implementation capabilities. The
strong dependence upon accurate initialization was clearly evidenced leading one to
conclude that for a strapdown implementation in a land navigation application the

local-vertical initialization mode is preferred.

An interesting projection for future evaluations in a navigational mode using
" the type facility developed under this program is possible.‘ With the incorporation
of a'linear servo controlled rate drive on the gimbal, an actual flight profile of
attitude, angular rate and oscillatory environments could be used to excite the system,
One could thenaccuratelyassesstheapplicability of compensation modelsand system

performance in a direct manner with extremely high confidence,



5.4 Multi-Position Accelerometer Evaluations

5.4.1 Introduction

This section discusses the resulis of multi-position accelerometer testing.
and the development of higher order accelerometer models, This effort supported
a NASA/MSC accelerometer modeling study that used a Delco 653 accelerometer
and software support on the Univac 1108 computer, The automatic test capability
of the SPOT system proved ideal for the accumulation of multi-position data with
little impact to the program's schedule. The analysis of data was accomplished
off-line on the IBM 360/75 computer. Two methods were developed to analyze the
multi-positionaccelerometer data: 1) a fourier seriesanalysis, and 2} a least square

error analysis,

5.4.2 Fourier Series Analysis

The fourier series analysis fits the data from sixteen different test positions
to a fourier series expansion. The accelerometer data is generated by rotating the
system through sixteen equidistant increments (22.5%) about a horizontal axis of
rotation, The accelerometer whose Pendulous or Qutput Axis is along the axis of

rotation describes an indicated acceleration function a (8) that is periodic with

IND
respect to the system orientation.

The fourier series that fits this periodic data is developed from the Taylor

series expansion given as follows:

- 2
ind “E, " Po* 2a " F2%a * Fooa * Kptpa
: (5.4.1)
+ KIPaIA aPA+ KIOaIA aOA+
where And = acceleration input indicated by the accelerometer (g}

AO = accelerometer output indication (output units)
Kl = accelerometer scale factor (output units/g)

. 21as3ppArdpa T acceleration inputs‘along the input, pendulous, and output
axes of the pendulum (g)

B0 = accelerometer bias (g}

K, = second order non-linearity coefficient (g/gz)

K = output cross-axis coefficient (g/g)

KP = pendulous cross-axis coefficient (g/g)

Kip = input axis - pendulous axis cross-coupling coefficient (g/gz)
KIO = input axis - output axis cross-coupling coefficient (g/gz)
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Assume that the system rotation is applied about the Pendulous Reference
Axis and that the Input Axis is oriented vertically up in the initial test position. As
the system rotates by 6, the acceleration inputs are described as ajy = g COs 8,
Aoa " & sin g, and app © 0. The general accelerometer model, under these conditions,

simplifies to:

_ 2 2 . 2 . .
aind(e) = B, + gcose + Kyg” cos™@ + Kogsm + Ky g singcose {5.4. 2?

This model converis to a fourier series expansion that is truncated at the

second harmonic.

Note that for system rotations about the accelerometer Output Axis, the output
related cross axis coefficients (KO, and KIO} are replaced with the Pendulous Axis

related coefficients (KP, and KIP)‘

A numerical analysis atlgor-ithlrn19 is used to derive the fourier coefficients

from the sixteen equidistant data points.

The fourier series analysis results yields a scale factor and null bias that
correlates well with the results from the standard four position accelerometer
calibration'data. The statistical significance of the cross coupling and cross axis
coefficients is marginal. Depending on the accelercometer, the standard deviation
of the calibrated coefficient exceeds the mean value, The scale factor non-linearity
term is observed to be significant with typical values of 80g/ug measured. This
magnitude of non-linearity causes a 80 ppm scale factior error between a condition

of no acceleration and a 1g input,

The large scale factor non-linearity is attributed to the use of one average
scale factorin the fourier model. Had two scale factors been used, one for positive
acceleration inputs and one for negative acceleration inputs, the non-linearity term

is expected to be small.

A decision is therefore required to determine the optimum accelerometer
model, Inother words, what coefficients are to be included for a model to accurately
describe the accelerometer performance? The fourier series analysis revealed
that amodel comprising theaccelerometer scale factor, and the null bias ceefficient
isanaccurate model, but is it the model with the least square error? This question
is the impetus of the least square investigation. (Appendix U presents the method

of least square evaluation),
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5.4.3 Least Square Analysis

The accelerometer model employed in the least square evaluation of the
multi-position test datais derived from the general accelerometer model (Equation‘
5.4.1) and is of the form:

a; 4= B, + K, Sin (p-¢) + K, Sin (6 -¢)
+ K;p Sin (6 ~¢) Cos (8 -4} (5.4.3)
+ Ky Sin (6 -¢)
where
8 d = acceleration input indicated by the accelerometer in pulses
1n per second (pps)
B0 = accelerometer bias (pps)
Ky = gcale factor (pps/g)
K2 = second order non-linearity coefficient (pps/gz)
. - - . . 2

KIP = input axis-pendulous axis cross-coupling coefficient (pps/g)
Ky = plus and minus scale factor differential (pps/g)
¢ =. misalignment angle (radians)

The significant difference between the general model (presented in equation
5.4.2) and the computation model (equation 5.4.3) is the omission of the cross axis
coefficient (KO cos {8-¢) or Kp cos (6-¢)and the addition of the misalignment angle
¢, and the plus and minus scale factor differential term, Kd'

The misalignment angle ¢ is included to account for the sum of gimbal and
accelerometer misalignments that are relevant for the particular accelerometer
and test sequence, With ¢ included, however, the least square computation fails to
converge. Analysis of the matrix of the partial differentials has shown (See Appendix
V) that the partial derivative with respect to the non-linear misalignment angle
term is in fact a linear combination of the partial derivatives with respect to the
other coefficients and, therefore, is redundant, It can be shown that, if the rectangular
matrix A has a redundant row, then the square matrix ATa is singular and has no
inverse. Thus, one of the coefficients in the full general model, is arbitrarily
determined. Since theinclusion of the misalignment angle in the model makes more
sense than including the OCutput Axis sensitivity coefficient, the Cos () term does

not appear in the current version of the accelerometer model.
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The plus and minus scale factor differential (Kd} recognizes the difference of
accelerometer scale factor under conditions of positive and negative acceleration,
The average of the plus and minus scale factors is the average scale factor (KI)

a

expressed by

K, - K 42~ K
where (5.4.4$
K" =K, +K,

K =K, -K,

This is equivalent, however, to treating the average scale factor as a coefficient of
a sin{6-¢¥) term and the plus and minus scale factor differential as the coefficient
of an |[sin{#-¢)| term. One difficuliy encountered here is that such a term is
non-linear, and its derivative is undefined for sin(f-¢) = 0. However, there exists

no data at this peint in any case, and the difficulty is ignored.

5.4.4 Accelerometer Model Evaluation

One objective of the least square analysis is to determine the significance of
each term in the accelerometer model. Eight accelerometer models were formed
using a basic model that comprises the scale factor, null bias, and misalignment
angle and all eight combinations of the three remaining terms. Xach model was
compared with each other model configuration by computing the sum of the squares
(SSR) of the differences between the indicated acceleration and the predictied
acceleration using the least square techniques. The SSR is the residual and is

expressed in paris per million (ppm) as:

) SSR 6
ppm = \(TOTAL SQUARE X 10 (5.4.5)

where the Motal square' is the sum of the squares of the raw data points. Therefore,
the residual in ppm refers to that fraction of the data not explained by the model,

and isa figure of merit representing the "goodness of fit"" relative to other models,
Fourteen (14) sets of sixteen-position accelerometier data were run against

the eight (8) different models. Table 5.4.1 gives the mean, standard deviation, and

range of the residuals for each model.
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TABLE 5.4,1 SUMMARY OF RESIDUALS (PPM FOR 14 DATA SETS)

Model #1

Model #2

Model #3

Model #4

Model #5

Model #8

Model #7

Model #8

Full Model
Without scale factor differential term {Kd)
Without scale factor non-linearity (K,)

Without the scale factor differential(Kd)
and non-linearity (K,) terms

Without cross coupling coefficient K;p)

)

Without cross coupling coefficient (KIP

and scale factor differential (Kd)

Without cross coupling coefficient (Kp)

and scale factor non-linearity (Ky)

Minimum model with null bias (Kd). scale
factor (Kl) and misalignment angle {¢)

Range

Standard

Liow High Mean Deviation

28

12

12

13

28

32

32

34

37

42

42

44

63

14,0

17.4

14,8

38.0

19,1

22.3

19.8

40,86

5.9

6.2



Obviously (from Table 5.4.1), the full computational model provides the ”best_
fit" in terms of yielding the lowest residual. There is very little difference between
a model that includes the cross-coupling coefficient {model #4) and model #8 that
does not include cross-coupling, This indicates that the cross=coupling coefficient
contributes little to the model. The most significant contribution {other than bias
and scale factor), appears tobe the plus and minus scale factor differential. Compare,
for example, the results for models #7 and #8. The other measurable contribution

is made by the second order non-linearity factor.

Based on the comparison of residuals, the full model is the best model to
implement with respect to the set of models analyzed. The question which remains
is: Does improvement in the residual warrant the inclusion in the model of a given
coefficient? A corollary question is: What is the best criteria for appropriate

—

model selection?

One technique that may be used to answer this question is to evaluate the
probability that the coefficient in question is different from zero. This probability
is obtained from the "t" statistic that is computed from the mean value (x} of the

coefficient and the standard deviation of the data about the mean(s),

¢ = isﬁ (5.4.6)

where n is the number of data points,

This statistic is then compared with the normal distribution.

For small samples, it is necessary to use the Student's "t" distribution with
n-m degrees of freedom where m is the number of coefficients in the model. The t

staiistic becomes
¢ = XVO-m n-m (5.4.7)

Student's ""t" distribution hasa slightly larger dispersion than the normal distribution,

but ahproaches the normal distribution asymptotically as n increases.
Using the full computational model, and data obtained fromthe Y accelerometer

on 29 March 1871, the ''t" statistics were computed and are presented in Table
5.4.2, ' ‘
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TABLE 5.4,2 COMPUTED T STATISTICS FOR FULL MODEL

Standard
Coefficient Value Deviation t-Statistic
K, 065680 003205  64.8038
K, 960.392 .004532 670036,
K, 036851 .033400  3.47069
Ko -.009007 .009065  -3.14193
K, 032618 .036524  2.82420
x10™3 034193 004720 22.9105

At the 1% 1level of significance and for 10 degrees of freedom, the bias, scale
The

scale factor differential, and cross-coupling coefficients are not significant, Thus

factor, and misalignment angle terms, as expected, are highly significant.

with a 99% probability, the means of the scale factor differential and cross coupling
coefficient are not different from zero, The scale factor non-linearity term marginally
passes the significance test, Not all coefficients for all models and data sets have
been tested for statistical significance, However, since the least square methods
determines the model coefficients in a probabilistic sense, the statistical testing
for significance is directly applicable as a criterion of model selection. The levels

of significance are chosen as the confidence of model selection warrants,

Another factor that influences model selection isthe interaction between terms,
The computation program models the plus and minus factor differential asa coefficient
of a |sin (9-¢')| term which is added to or subtracted from the average scale factor
to yield the desired plus and minus scale factors. The second-order non-linearity
coefficient is modeled as a sin2 (8=¢} term. Both ssin2 (6-4) and lsin {o-) I have a
positive average value which would interact with the bias term. Such interaction
makes i difficult to ascertain whether or not the second-order non-linearity or the
plus and minus scale factor differential terms isa statistically significant contributor
to the model, The statistical dependence between coefficientsis verified by isolatiﬁg
the three coefficients and by performinga cross correlation analysis. The correlation
analysis operates on the following expression with dummy variables a and b,
+ bK, = CONSTANT VALUE

B +aK (5.4.8)
o

2 d

The product moment correlation coefficient computed for 16 data set is 0,963,
This high correlation implies that the current accelerometer model isnot an optimal

one in terms of coefficient independence.
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An interesting result derived from the least square analysis is that the
significance of computed coefficient is dependent on the input data. Using MIT/CSDL
data, little difference was observed in the misalignment angle () when the data
was divided into positiveand negative acceleration sets, However, with NASA/MSC
furnished data (Delco 653 accelerometer) the difference was signifiqant. This result
implies a larger pendulum hangoff in the NASA data than in the MIT/CSDL data,

5.4.5 Sixteen Position Data—Four Position

Data Comparison

A second objective of the least square analysis is to compare the estimation
of coefficients between a data set from sixteen positions to a data set comprising
four of the sixteen positions. The comparison analysis is restricted to the scale
factor coefficient (Kl)‘ The first set of four-position test (4PT) data includes the
four ordinal points (9 = 09, 80°, 180°, and 270°) from the sixteen-positiontest (16 PT)
data and solves for the bias, plus and minus scale factors, and the misalignment
angle ina deterministic sense. Assuming that the 16PT least squares (probabilistic)
solution for theaccelerometer model coefficientsis more "accurate'' in some sense
than the 4PT solution, it is desirable to compare the results to find out how well
the 4PT determines the accelerometer model coefficients. Over the fourteen (14)
sets of data points, differences between the computed 4PT and 16PT solutions for

scale factor ranged from -1 o +23 parts per million,

While the differences do not seem large, a statistical analysis was made with
the following results. The mean differencein scale factors is 6.93 parts per million
(ppm) with a standard deviation of 7,52 ppm. The resulting '"t"-statistic (3.32) for
13 degrees of freedom indicates that the probability is very low (less than .005)
that the scale factors computed by the two methods are the same, " This analysis
concludes that the 16PT least squares method yields a scale factor coefficient that
is more statistically significant than the 4PT solution.

Aneffort was made to determine the coefficients when four other points {other

than the ordinal points} are used in the computation.

For example, an additional four data set was selected from the sixteen position
data sets that were rotated 22.5° off the ordinal position (& = 22.50, 112.50, 202.50,
and 292.5°%). The 4PT solution was computed for this orientation and for 45° and
67.5° rotations as well. The results are summarized in Table 5.4.3,



TABLE 5.4.3 DIFFERENCE BETWEEN 16PT AND 4PT SOLUTIONS
FOR SCALE FACTOR

Rotation
from Mean(ppm} Standard
Ordinal Low High Difference Deviation{ppm) t

0° -1 23 6.93 7.52 3.320
22.5° -9 16 1.57 6.57 0.350
45,0° -32 8 -2.79 9.90 1.016
67.5° -3 15 1.57 8.39 0.675

It is to be noted that there are no significant differences ('t"-statistics too
small) betweenthe 4PT and 16PT solutions inany of the three "off ordinal" positions,
The conclusion may be made that the 4PT in the ordinal position is the solution
leastlikely to estimate theaccelerometer model scale factor coefficient as determined
by the 16PT least squares solution, .

A similar comparison between 16PT and 4PT data sets was conducted for
null bias and the misalignment angle. The results are not given here, However,
the 4PT solution of bias and misalignment angle are generally not good estimators

of the corresponding 16PT solution.

An important result, however, is that as the Input Axis approaches 45° with
respect to the g-vector, the plus and minus scale factors tend to diverge, yielding
obviously poor results. For example, 1090.948 and 829,903 pps/g where the 16PT
average scale factor is 946.224 pps/g.

The divergence between plus and minus sc.ale factors is due to the fact that
we are trying to compute the slope of the line using two points which are very
nearly the same operating point for the accelerometer. For example, the four
accelerometer models that express the accelerometer's output for orientations to
include 450, 1350, 2250, and 315° from the horizontal are given as follows:

A, = B_+K sin (45° +¢)

Ay = B +K' sin (135° +§)

Ag =B, +K sin (12250 +)) (5.4.9)
A, = B+ K sin (315° +¢)

w
1
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The positive scale factor solution is:

+ Ay - Ay A1“A2

Kt - - : (5.4.10)
sin (45° + ¢} - sin (135° +u) VZSnY |

The differences in both the numerator and denominator are small quantities
but with large sensitivities to the computed scale factor. The sensitivity due to
this source is obviously smaller in the cases of 22,5% and 67.5° rotations from the

ordinal position,

In summary, the 4PT in the ordinal position yields better results for plus
and minus scale factors than the 4PT in off ordinal positions. On the other hand,
the off ordinal orientations yield better results for the average scale factor.

: |

-The compromise 4 position test is the four sets of data that are, rotated 22.5°
from the vertical (0 = 22.5%, 157.5°, 202.5%, and 337.5°). If this is a feasible
alternative for system testing, it mayoffer improved results insofar as determining

accurately both average scale factor and the plus and minus scale factor.

To correlate the resulis of the least square evaluation to the fourier series
expansion, an analysis was conducted (See Appendix W) that relates the coefficients
from the two methods and proves that the two solutions are equivalent if only the

low order terms are considered (bias, scale factor and scale factor non-linearity).

Additional evaluations of multi-position accelerometer data are warranted.
Least squareand "t" statistics techniques provide useful methods to evaluate different
models, however, the optimum accelerometer model has not yet been defined, The
statistical interaction of the null bias, scale factor differential, and scale factor
non-linearity coefficients also illustrates the need for a model with less dependence
betweenterms, Anotherareaof investigationis the evaluation of correlation between

the aggregate misalignment term (¢), and system misalignment errors.



5.5 Program Milestones

This text discusses the achievement of the program milestones that included:
the system design, fabrication, integration, and the inertial strapdown performance
calibration and evaluation, The chronological sequence of completed program

milestones is given in Table 5.5.1 and is illustrated in Figure 5.5.1,

It is observed from the milestone data that four gyro wheel start problems.
occurred during the course of the program, The 410 series, 18 IRIG Mocd B gyro
population designated for utilization in this program was known to have a generic
wheel start problem from experience with earlier developmental programs,
Unfortunately, the gyro population did not withstand the countless power on-off cycles
incurred during the system start-up phase where many subsystems were integrated
into one facility, Each gyro failure impacted the program schedule approximately
one month to harnessand calibrate a replacement gyroand to establish a new system
baseline upon which strapdowh evaluations were based.

The backup gyro population included four similarly designed gyros that were
manufactured by the Bendix Corporation, The Bendix gyros, becausetheir hardware
actually corresponded to a very early 410 series gyro design release, incurred a
similar wheel start problem which exhausted the total planned gyro population prior
to the completion of all program objectives. With the concurrence of the NASA
technical monitor, the newer designed 420 series gyro was loaned for use in this

program, These gyros proved to perform satisfactorily.

It isnoteworthy to comment, that the redesigned Mod D gyrousesa beryllium-
oxide wheel element which is expected to permanently correct the wheel start
problem,

Another factor influencing the milestone performance resulted from the basic
program ground rule that the system design was to use hardware and equipment
available from earlier programs along with surplus hardware and equipment from
the Apollo program to the extent that the only major procured item was the Honeywell
H-316 computer, For system supplies and monitoring equipment, this approach
was sound,

One system component, the resolver-to-digital encoder (RDE), was of a new
design and required a considerable unanticipated developmental effort because of
reoccurring noise, transient, and réliability problems, A RDE rebuild effort was

necessary to correct these problems. In retrospect, had the design effort occurred
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August 70

December 70

January 70

February 70

June 71

October 71

November 71

. January 72

March 72

May 72

TABLE 5.5.1

SPOT Major Program Milestones

Strapdown inertial system packaging in gimbal completed

and ready for test.

Supporting electronics, computer facility and system

harnessing completed,

Gyro MB-413 removed from the population (wheel
start problem).

Gyro MB-411A removed from the population (wheel
start problem),

System integration completed and ready for strap-
down evaluations. (Integration effects include: thermal
adjustment, pulse torque loop calibration, computer

goftware verification and activation of the automatic test

capability. The resolver to digital encoder was completed,

however, because of a rebuild effort necessary to
correct an operational problem,integration with the
system was not completed until October 71.

System end-to-end performance is verified in a

stationary environment. Dynamic evaluations started.

Gyro MB-2 removed from the population because of
wheel start problem.

Dynamic calibrations completed (Gyro scale factor

linearity, aniscinertia, float hang off and centripetal
acceleration). .

Gyro MB-415 removed from the population because
of a wheel start problem,

Program resumed aftergyro replacement, gyro torque
loop scaling change, establishment of a detailed test



7.

8.

July 72

August 72

plan and NASA redirection,
Program evaluation requirements completed,

Program evaluation to verify earlier test results and
to pursue other areas of strapdown investigation, Program
terminated because of wheel touchdown failure (MB-4 and

427) from excessive gimbal rates,
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Strapdown system packaged
in gimbal system

@ Gyra 414A

Supporting electronics,coom-

puter facility, and system
harnessing completed

A

@ Gyto 413
\ @ Gyro a11A

System intergration completed
for evaluation

L
|

RDE _ rebuild/integration

A

Stationary environment ver-

ifioation of system hardware

and software

A

@ Gylro MB-2

Dynamic calibration
completed

[

A
@ Gyro 415

Program resumed after gyro
replacement, torque loop
rescaling and NASA redirectior

&\

Program evaluation requirer
ments completed

Program termination-gyro
failures

A Milestone Completed

O GYRO removal from
population (see table 5.5.1)

Fig. 5.5.1

SPOT Program Milestone Chart.
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one year later, medium scaled integrationlogic (MSI) would have permitted reasonably

accurate encoders to be purchased as an "off-the-shelf'' component and therefore

reducing its impact to the program's schedule.

The program was terminated in August 1972 when during verification of earlier

test results, two gyros inexplicably failed because of wheel touchdown. Those failures

exhausted all available spare gyro resources and because of limited funds, the

program's testing was terminated. Those areas of evaluations completed prior to

the program's termination included:

O 0 =1 O

10.
11,

Gyro scale factor linearity calibration and compensation,

SRA cross coupling calibration and compensation in slew (constant
rotating} and oscillatory environments,

Anisoinertia compensation in slew and oscillatory environments. .
OA coupling error compensation and pseudo coning error bandwidth
studies including the effects of quantization and élgorithm iteration rate,
Coning bandwidth studies including the effects of quantization and
algorithm iteration rate,

Centripetal acceleration calibration.

Least square accelerometer modeling evaluations.

Quantization tradeoff studies,

Land navigation performance-tradeoff evaluations with respect to
iteration rate.

Pulse burst evaluations.

Four months of gyroand accelerometer parameter calibration statistics,

Those areas of investigation that remain to be accomplished had the Eyro

failures not occurred include:

Further evaluations of the pulse burst phenomenon by impressing a
nen-symmetrical multi-axis slew envirenment {one axis rate above the
pulse bursting threshold and the second axis rate below the threshold).
Anisoinertia -— SRA cross coupling error compensation over the full
multi~axis slew environment range (0.1 to 0.8 radians/second),

Land navigation evaluations under various conditions of compensation
(centripetal acceleration effects compensated and uncompensated, and
pulse bursting compensated and uncompensated).

Implementation and evaluation of the third order quaternion expansion
algorithm,
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6.0 Conclusions and Recommendations

A fine grain strapdown evaluation system was mechanized in this program by
packaging a three axis inertial system in an Apollo gimbal fixture. The gyros and
accelerometers were operated in a strapdown ternary pulse-torque mode. Dynamic
environments were imposed on the strapdown system by introducing slew and
oscillatorydriving functions to the gimbal torque motors. Anon-linemini-computer
with a comprehensive set of real-time processing algorithms was interfaced with
the inertial hardware to enable a fine grain evaluation of the system perfermance.
Performance evaluation was accomplished through the use of extensive data reduction
software that derived real-time attitude error profiles. The data reduction was
effected on an IBM 360 computer using the recorded ocutput samples (10 times a
second) of the on-line mini-computer which included readout of the positioning gimbal

fixture,

The evaluation of strapdown performance required the analysis and modeling
of all significant error sources such as scale factor linearity, output axis coupling,
anisoinertia, SRA cross coupling, static drift, and alignrﬁent. Scftware compensation
algorithms were developed based on theoretically derived error models and were
subsequently confirmed in the test evaluations, For example, OA coupling
compensation was effected by using rate data from a second gyro to estimate the
rate change magnitude about a gyro's Output Axis. This relatively simple model
suppressed the pseudo coning error by 100 to 1 in the effective operating range
determined by bandwidth rolloffs. Other significant compensation results included
gyro scale factor linearity error compensation from an uncompensated 50 ppm spread
over the full dynamic rate range (0.8 rad/sec) to error magnitudes within 7 ppm.
This residual error can be atiributed to the fact that the pulse torque elecironics
were separated from the gyro instruments by the gimbal slip rings and was within
the basic SF stability uncertainties, Anisoinertia-SRA cross coupling {(using the
nominal coefficients) compensation effectiveness was demonstrated by reducing an
uncompensated 2.07°/hour (138 meru) error drift to 0.045°/hour (3 meru) for a

continuous multiple axis 0.15 radian per second input,

Anisoinertia and SRA cross coupling compensation was also evaluated at higher
rates (0.5 radians per second), however, the results were not conclusive because
of the large sensitivity to gyro scale factor and alignment uncertainties, Additional
evaluations at the high rate multi-axis slew iﬁputs were to be conducted during
re-test had the program not terminated because of the gyro failure,

Static error source residuals such as gyro drift proved to be a significant

contributer of system performance errors in this test program, The compensation
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model used a single set of drift parameters, assuming an insensitivity of drijt
magnitude to the gimbal position. Because of thermal gradients, wheel compliance ,
environmental differénces withinthe gimbal structure, and other second order effects,
positional sensitivities did exist such that 0.03%/hour (2 meru) was observed between
calibration positiondrift magnitudes, A fine grain static calibration procedure would
be desirable to analyze the source of the positional sensitivity and to derive_

appropriate models to accommodate for second order effects.

A large inventory of software was amassed to provide system calibration,
compensation, attitude maintenance, navigation and analysis capabilities, The
strapdown algorithms were implemented at three iteration rates (100, 50 and 25
iterations per second) which permitted the evaluation of various bandwidth tradeoffs.
These evaluations verified the theoretical coning bandwidth for a first-order
quaternion expansion. For example, the 100 iterations per second algorithm rclloff
becomes significant (95% coning compensation effectiveness versus 100%) at 8 hertz.
For this program, a third order algorithm was implemented, however, the cross-
product term was inadvertently omitted by an initial programming oversight and
thereforeonly a first-order performance in coning was achieved. Had the program
not terminated during the re-test phase due to a gyro failure, evaluations with the
fully implemented third-order algorithm was planned for the retest phase, It is
recommended that the full third-order performance be verified in future evaluations.

Cening errors at low frequencies (0.5 hertz) were observed to increase because
of attitude lags introduced by the torque loop quantization. For example, with a §
arc second quantization the 0.5 hertz coning erroris 0,03% and with a 40 arc second
quantization it is 0.08%. However, because the error magnitude at this frequency
is extremely low, the effects of quantization 6n coning bandwidth is negligible,

The effective bandwidth of pseudo coning compensation was analyzed and
verified to be a combined function of the coning bandwidth and QA compensation
bandwidth., The OA compensation bandwidth is determined by the ability of the gyro
rate estimator to accurately determine the rate change magnitude of the oscillatory
input, Compensation errorsare observed to become significant when the oscillatory
frequency is one-tenth the compensation algorithm iteration rate. Interestingly,
this rolloff occurs at a lower frequency then the basic attitude algorithm when both

Wheel ma jor compliance has been modeled inthe compensation algorithm. However,
the minor compliance terms which were not modeled, and they may contribute as a
second order effect to the positional sensitivity observed in the data.



are operating at the same iteration rate. Thus when OA compensation ceases to be
effective, the attitude algorithm mistakes the OA coupling error with the input
oscillatoryinput as a coning input and then incorrectly compensates for anon-existent
coning input, As the oscillatory frequency increases and the attitude algorithm
becomes bandwidth limited, the attitude algorithm no longer responds to QA coupling,
and pseudo coning errors are not generated. With respect to pseudo coning errors,
optimum compensation is therefore achieved when the QA compensation algorithm
iteration rate is greater than the attitude algorithm rate. Using such a scheme
would extend the QA coupling compensation bandwidth so that when OA coupling
errors are generated, they will not be recognized by the attitude algorithms, The
optimum implementation would be selected on the basis of the anticipated vehicle's

environment,

Gyro loop quantization was observed to proportionally increase the system
attitude uncertainty, For example, with 2 5 arc second quantization the measured
peak to peak attitudeuncertaintyis 5.5 arc seconds, With 40 arc second quantization

the uncertainty level is 37 arc seconds,

Land navigation evaluations were conducted with an inertial referenced
navigator operatingat one iteration per second and with inertially referenced velocity
increments updated at 100, 50, or 25 updates per second. Navigation evaluations
were conducted in both slew and oscillatory environments, as well as a 96 hour
evaluation during which the system's position was fixed. Classic navigation error
profiles (a Schuler oscillation superimposed on a 24 hour sinusoid)} were observed
in all of the nawvigation results. The magnitude of the two sinusoid components,
being a function of system alignment and residual compensation errors, reflected
the salient system error for the environment tested. For example, the slew and
oscillatorytests reflected a 50 arc second initialization alignment error inthe Schuler
oscillation magnitude through a sensitivity factor of 7 nautical miles per milliradian
of alignment error. These error magnitudes, unfortunately masked {he cbservance
ofnavigation error propagation fromless significant error sources such as centripetal
acceleration. Therefore, accuratealignment of the strapdown body frame with respect

to an inertial referenced frame is required for future evaluations.

. Another factor influencing the resultant navigation data is the choice of
environments., Thé slew environment was imposed by rotating a horizontal east-west
axis 50 revolutions at 4o/seconds Thus, two accelerometers were tumbled through
the "g'" field and therefore introducing errors attributed to accelerometer scale
factor compensation in addition te the initialization alignment error. In retrospect,
a better slew environment would have consisted of rotations about a vertical axis

such that scale factor errors are not excited.



With regard to the slew testing, however, a 50 revolution rotation is clearly
not represeniative of any realistic environment that might be anticipated inanaircraft
mission. An actual flight profile of attitude angular rate and oscillatory inputs is
suggested, whereby the applicability of the compensation models and system

performance can be assessed in a direct manner with extremely high confidence.
Other recommendations for future strapdown evaluations include:

1. The definitive modeling of accelerometer dynamic error terms such as
OA coupling and anisoinertia. These terms were not modeled because
the initial dynamic rate range was limited by the gyro torque loops to
0.2 radians per second. At these ratesmagnitudes, the error magnitudes
arenot significant. Later with a gyro loop rescaling, the dynamic range
was extended to 0.8 radians per second and therefore allowed testing at
higher rates which increased the significance of accelerometer OA
coupling and anisoinertia, .

2. Gyro anispinertia compensation was accomplished with a constant cor-
rection factor based on the low frequency inértia difference between
the float's Input Axisand Spin Axis. This compensation model isaccurate
for environments below the wheel hunt frequency (3 to 5 hertz). However,
if environments above the wheel hunt frequency are anticipated then the
decoupling of the wheel element from the input oscillation should be
accounted for because the inertia about Spin Axisis signficantly reduced.
To adequately compensate for the wheel decoupling effect, a more complex
model based on the spectral content of the environment sensed data is

required.
3. The evaluations conducted in the program centered in the 1 hertz to 10
hertz frequency band, Useful information relating to algorithm

bandwidths, quantization and compensation effectiveness were derived
from these evaluations. Additional ‘evaluati‘.ons are required, however,
in the frequency range below 1 hertz where the majority of vehicle
oscillatory motion is anticipated.

4, The pulse burst phenomenon was evaluated in this program and it was
observed that the compensation scheme suggested by Lory is effective.
Additional evaluations are required to determine the effects of pulse
bursting on attitude error propagation. A suggested environment is a
multi-axis rotational excitation where t'he rate about one axis is below

the pulse torquing threshold and the second axis is above the threshold,
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In summary, the recommendations for future study and evaluation are listed

below:

Te

Finer calibration and model techniques toaccount for second-order gyro
error effects and accelerometer dynamic ferms.

Additional evaluations of higher multi-axis slew rate environments.
Development of a fregquency dependent gyro anisoinertia com;ﬁensation
model, '

Additional pulse burst compensation evaluations.

Evaluation of a fully implemented third-order quaternion expansion
algorithm,

Test with OA compensation operating at a higher iteration rate thanthe
attitude algorithm,

Land navigation evaluations with greater initialization alignment ac-

curacy and with realistic environments.
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APPENDIX A

STRAPDOWN TEST FIXTURE PARAMETERS

1

GIMBAL ALIGNMENT UNCERTAINTY + 7 arc seconds

GIMBAL POSITIONING ACCURACY?2 + 50 arc seconds
GIMBAL FREQUENCY RESPONSE See Figure A-1
GIMBAL ROTATIONAL RATE Limitedto 1 radian: per

second by gyroscopes

NOTE 1 - Based on 5 arc seconds table uncertainty and 3 arc seconds accelerometer
null uncertainty,

NOTE 2 - With respect to an earth fixed frame. The positional accuracy is deter-
mined by the gimbal and table alignment errors,
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-V

Inertial Units X IRIG Y IRIG Z IRIG Pl YPIP Z PIP
Operating Temp:  140.8°F  135.6°F 141LF 130°F 129.%F T 1%°F
Pwr. Dissipation: .3 w 9.2w 1.3 w 1.7 w 1.5w 1.8w
|
!
0=5F/ watt |
: 0 =34 105 1034 36-34  lg-32
,104°
Aluminum Frame 8 = 1. 1%/ watt

Gimbal Case | 42°

TOTAL POWER DISSIPATION

Gyroscopes 23, 8 watts
Accelerometers 23 watts
Temp. Controllers 3 watts
Dart 2 watts
SG Preamplifiers 5 watts

56. 8 watts

Fig. A-2 Spot System Thermal Model.



APPENDIX B

SPOT H316 COMPUTER COMMANDS

Gyroscope, Interpolator and Accelerometer Interface

INA
INA
INA

INA

INA
INA

INA

OCP
OCP
ocPr
oCP
ocp
oCP
OCcP
OoCP
OCF
ocPr

OTA

SMK

1007
'1017

1027

'1047

1107
1117

1127

107
'17
127
137
147
57
77
'167
1267
1367

77

20

Read X Gyro Counter
Read ¥ Gyre Counter

Read Z Gyro Counter
Read Interpolator

Read X PIPA Counter
Read Y PIPA Counter

Read Z PIPA Counter

Fnable Interrogate to scaler (Interface On)
Interface Off

Clear Gyro Counters, Ready FF, and Scaler
Clear PIPA Counters, Ready FF, and Scaler
Actual Float Angle Discrete to Interpolator
Compeﬁsated FA Discrete to Intérpolator
Clear Preset Register

Gate X Interpolator to Transfer Lines

Gate Y Interpolator to Transfer Lines

Gate Z Interpolator to Transfer Lines
Preset Preset Register With C(A)

Set - Interrupt Mask if A12 is Set



SKS
SKS
SKS

Resolver /Digital Encoder Interface

1147
1157

1167

INA
INA
INA
INA

OCP
OCP

SKS

Test Sequencer Interface

1006
1016
'1026
r10386

06
16

106

OCP

oCcP

OTA

SKS

'05

. 115

'05

05

Skip if Ready FF Set
Skip if Interface not Interrupting

Skip if Interpolator Inhibited

Read RDE Channel 1 High
Read RDE Channel 2 High
Read RDE Channel 1 Low

Read RDE Channel 2 Low

Set RDE Zero FF

Reset RDE Zero FF

Skip if 800 FF Set (SYNC)

Reset Test Sequencer (Start of Test)

Count Pulse

QOutput Data to Test Sequencer

Skip if Ready (GPC in Fine Mode)



SKS8
SKS

SKS

SKS
SKS
SKS
SKS
SKS

OTA
OTA

SMK

60
160
11060
1260
11260
'360

1360

'x060

'160

11260
1260
1360
'1360

1460

160
1260

1420

516 - 316 DATA LINE CONTROLLER

Enable Receiver

Search for Sync. {Preceed by OCP '60)
Disable Receiver

Enable Transrmiiter

Disable Transmitter

Set Data Terminal Ready (Resets Ring Signal,
Disconnect Signal)

Reset Data Terminal Ready (Disable Receiver
before QCP '360 again)

Skip if Receiver Ready is Set

Parity Error
Buffer not
emptied on time

Skip if Receiver Fault is set

Skip if Transmitter not Busy
Skip if Transmitter Ready
Skip if no Ring Signal

Skip if no Disconnect Signal

Skip if Controller not Interrupting

Skip if Receiver Fault is set, Reset it
Skip and Outputfrom A if Transmitter Ready Set
Set Mask {Bit 1 of A)



= >

60

11060

Input and Skip if Receiver Ready is True

(Reset Receiver Ready)



APPENDIX C

Accelerometer Error Parameters

Accelerometer bias (BQ} is a function of suspension and 5G reaction torques

acting about the Output Axis to displace the float from its null position.

Cross coupling coefficients (KIP and KIO) are caused by simultaneous linear

acceleration along two axes. An acceleration aleng the Input Axis causes rotation
of the pendulum from its null position, A component of pendulosity results from
the rotation that is therefore sensitive io acceleration inputs aleng the Pendulous
Axis (KIP).
unequal spring restraints exist along the Input Axis at opposite ends of the float.

(KIO) is the anisoelastic effect caused by rectified error torques if

Cross Axis coefficients (KO) are caused by the difference between the center
of gravity and center of buoyancy. An acceleration input along the Output Axis
causes rotations of the float about the Input Axis, This rotation, within the suspension
field, has a small but measureable effect on the accelerometer scale factor and

bias.

Output Axis coupling erroris related to the float response to velocity changes

about the Output Axis, Because of the fleoat inertia, the float motion lags the case
motion and additional torgue pulses are generated to maintain the float at its null

position,

Anisoinertia errors arise from the application of simultaneous angular rates

to the inertia difference between the float Pendulous and Input axes,



APPENDIX D

Gyro Drift Parameters

The gyro drift error parameters represent the torgues that arise from the

non-ideal nature of the gyro.

Acceleration Insensitive Torque (NBD)

The accelerometer insensitive torque (NBD) is a function of torques resulting
from flex lead stiffness, and the magnetic restraining torques between the float and

case,

Acceleration Sensitive Torque (ADIA and ADSRA, and ADOA)

Acceleration sensitive torques are caused by a non-coincidence of the gyro-
float center of gravity (cg) and the center of buoyancy (cb). For example, ADIA is
generated by a specific force along the Input Axis operating in conjunction with a

cg=-cb displacement along the Spin Reference Axis,

ADSRA is generated by a specific force input along the Spin Reference Axis
operating in conjunction with a cg-cb displacement along the Input Axis, ADOA is
anacceleration sensitive drift inherent to the gyro when specific forces are applied
along the Output Axis,

Acceleration Squared Sensitive Drift

Major compliance (K o - KH) is the result of an unbalanced yielding of the

55
wheel structure io simultaneocus acceleration input along the Input Axis and Spin
Reference Axis, Other compliance terms (KIS and KIO ) are not modeled because

of their insignificant magnitudes (less than one meru or 0.015%/hr).



APPENDIX E

SPOT GYROSCOPE COMPENSATION EQUATIONS

A Definition of Terms

GXPC, GYPC, GZPC - The X, Y and Z axis net gyro torque pulses accumulated in
one iteration period :

IXCC - compensated interpolator information- current update interval
IXCP - compensated interpolator information - previous update interwval

GXPS, GXNS - The deviation of the X gyroscope positive and negative scale factors
from a nominal scale factor

SSPX, SSNX - X gyroscope positive and negative scale factor linearity slopes
respectively

W ax - maximum rate of torque loops, defined by torque pulses per update period
SXSF - X gyro scale factor
GXBX - normal bias drift

ADX, ADY, ADZ - acceleration sensitive drift terms (ADIA, ~ADSRA, ADOA for
the X gyroscope respectively)

XA2D - major compliance

PXPC, PYPC, PZPC - X, Y and Z accelerometer net torque pulses per iteration
time (these pulse count will have been compensated for the accelerometer error
magnitudes)

GXIH - I/H coefficient

X0OAQ, XOAF - correction factor for QA coupling; XOAOQ calculates for the current
update time, XOAP calculates for preceding update time

GMXY - X gyroscope misalignment into the Y reference axis (OA misalignment)
MXYC - compensated misalignment of X gyroscope into the Y reference axis
XFOP, XFON = low rate float offset

X AN - X Gyroscope anisoinertia coefficient

KFOP + (XSOP)GXPC - float hangoff model if GXPC positive

-XFON + (XSON)GXPC - float hangoff model if GXPC negative

IXUC - compensated interpolator information



GYROSCOPE

Raw Gyrg GXPCz
DATA

GZPC, . GzPCgz  GXPCg

Aﬂx
Ady

IXCC, IXCP
UNCOMPENSATED {NTERPOLATOR

~erossaxis Oires SYPCs
P GXPC

XPC3 4 | RATE CHANGE CROSS AXIS | INCREMENTAL
DATA RATE DATA | BODY MOTION

ADIA, ADCA, ADSRA MISALIGNMENT ANGLES, Al

ScALING | ] nBD | ¥ 1AND MAJOR | ¥ loa coupuing | ¥ | ANISOINERTIA, SPIN A8
CORRECTIONI ™ |COMPENSATION| " |COMPLIANCE COMPENSATION| ] AXIS CROSS COUPLING by
COMPENSATION COMPENSATION o8y,
i —
ACCELEROMETER
{IXuc) DATA

Fig. E-1 Compensation Mechanization {X Axis).



B. Equations

This section explains the gyro compensation algorithm using the X axis gyro
as an example. Figure E-1 depicts the compensation steps corresponding to the

following discussion,

1. Combination of compensated interpolator information with gyroscope

pulée counts

GXPC2 = GXPCl + IXCC - IXCP
IXCF = IXCC

2. Scale factor determination

SXSF = (GXPCZ) (SSNX /w
SXSF = (GXPCZ) (SSPX fw

} + GXNS : If GXPC, negative
J+ GXPS : If GXPC2 positive

MAX
MAX

3. Gyro pulse scaling and normal bias drift compensation
GrXPC'3 = (GXPCQ) (5XSF) + GXBD + GXPC2
4, Acceleration sengitive drift compensation

GXPC4 = GXPC, + (ADX) (PXPC4) + (ADY) (PYPC4) + (ADZ) (PZPC4)
+ {XA2D) (PXPC4) (PYPC4)

5. OA coupling compensation
XOAO = (GXIH) (GZPC4)

GXPC5 = (GXPC, + XOAQ - XOAP)
XOAP = X0AO

4

6, SRA cross coupling, anisoinertia, and misalignment compensation

If GXPCy positive: MXYC = GMXY + XFOP + (XSOP-XAN) GXPC,
If GXPC; negative: MXYC = GMXY - XFON + (XSOP-XAN) GXPC
If GXPC, zero: MXYC = GMZY + IXUC

5
GXPCS = GXPC5 + (MXYC) (GYPCS) + (GMXZ) (GZPC5)

5



APPENDIX F

SPOT ACCELEROMETER COMPENSATION EQUATIONS

A, Definition of Terms

PXPC, PYPC PZPC - X, Y and Z accelerometer net pulse counts per update time
respectively :

PXPS, PXNS - X accelerometer positive and negative scale factor deviation from
nominal respectively

PXAB - X accelerometer null bias

PMXY, PMXZ - X accelerometer misalignments into thenegative Y and Z reference
axes (OA misalignment and PRA misalignment respectively)

RXX, RXY, RXZ - X accelerometer position from system center
GXPC, GYPC, GZPC - X, Y and Z gyro net pulse counts respectively

GYPCP - gyro net pulse count from previous update
B. Equations
This section explains the accelerometer compensation algorithm using the X

axis accelerometer as an example. Thus PXPC, is the raw accelerometer pulse

count accumulated during an iteration interval,

1, Scale factor and bias compensation
PXPC:2 = PXPCl + (PXPCI) (PXPS) + PXAB : If PXPC1 positive
PXPC2 = PCPC1 + (PXPCI) (PXNS) + PXAB : If PXPC1 negative
2. Misalignment compensation
PXPC3 = PXPC2 + (PMXY) (PYPCz) + (PMXZ) (PZPCz)
.3. Centripetal and tangential acceleration compensation
PXPC, = PXPCy - (RXY) (GXPCy) (GYPCy) - (RXZ) (GXPCy) (GZPCy)

-f-(RXX) (GYPCG) {GYPCB) + (RXX) (GZPCG) (GZPCB) - (RXZ) (GYPCB
-GYPCPG) + RXY (GZPC6 - (RXZ) (GYPC6 - GYPCPG) + RXY (GZPC, -

6
GZ;PCP6 )



APPENDIX G

STRAPDOWN ANGULAR RATE INDUCED ACCELERATIONS

; C[)
W,
Rep Rpp 8
B
y R
fCB
Fig. G-1 * Strapdown Angular Rate Induced Accelerations.
From Figure G-l,13 let I’ represent an accelerometer mass element and B

the chosen body reference point containing an associated body coordinate frame
which contains the point (P}, Let C be assigned as another point representing the
inertial reference of this system which references the motion of the B frame and
therefore of P. We are now ready to derive the effect of introducing an angular
rate upon the mass element, This angular rate input (WCB) is measured in the
body frame with respect to the inertial reference frame. Notice, in this discussion
RE_E is fixed in the vehicle.

From the Theorem of Coriolis the velocity of P with respect to the C frame
will be:

=P.R + P, R + W XER

P cBcpt Pripp*t ¥eg X Epp (G-1)

R

C =CP

and the resultant acceleration of P can be derived to be:

Rop - PoBRepgt 2Wep X PpRpp + Pp W

cpt 2Wep X PRBRppt PpWep X B

BP

W._X (G-2)
+ Wep X Weg X Ryp!



Notice, in Equation G-2, the coriolis acceleration (2_WCBX PB B‘BP) is zero
since the mass element is fixed with respect to the body reference point (PB B‘BP
= 0). The linear acceleration of the body frame with respect to the, reference frame
(PCERCB) is the primary acceleration expected and is not of conecern at this time.
The remaining terms in Equation G-2 thenrepresent the accelerations induced during
rotation by the accelerometer mass elements not being centered at exactly a single

peoint or,

A = ACCELERATION ERRCR = Py W XBppt¥Weop X (WCB X B‘BP) (G-3)

In general RBP will contain three dimensions for each accelerometer. The
actual error can now be derived for the ith accelerometer in general by resolving

Equation G-3 in body computational axis components to obtain:

Aey, = -(Wy+ W5 Ry + (WyxWy - Wg) Riy = (WxW, - W) Ry,
Aey, = (WyWy - Wy) Ry - (W + W) R,y + (w;,wz WY Ry aeg
Aey, = ~(WyW, = Wy) Ry = (WyWy - Wy) Ryy - (Wi + W) Ry
TW%, + W) SW Wy -Wy) (W W, W) (G-5)
Aei= [(WyWy-W,)  (Wy + Wo) - Wy Wp-W Bpp
(WyWy-Wy)  (WyW,-Wy) (W + Wa)
where, B%P = [R]._X RiY RiZ] for the ith accelerometer



To determine the actual required compensation for each of the three instruments

in SPOT we now recoghize,

1_1_AX . AeX = -X Accelerometer compensation
11_AY . AeY = -Y Accelerometer compensation
1lAZ cA g7 -Z Accelerometer compensation

where for the present SPOT system,

_ I _
[ 1 -SP,, FSPZ

liax = | SOx 1yay = 1 17 = | SOy,
~SPy SOy 1

(G-86)

In this discussion no gyro misalignment is assumed for the derivation of the

rateinformation since we canuse the input informationafter scale factor andalignment

compensation to derive rate. Theaccelerometer alignment effects cannot be reduced

in this way and are shown so the error effects on compensation can be evaluated,
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TABLE H-1

ATTITUDE ERROR PROPAGATION (Bx. By, AND Bz) DUE TO GYRO DRIFT
AND SYSTEM ALIGNMENT ERRORS

ATTITUDE ERROR PROPAGATION
RESULTING FROM GYRO DRIFT

ATTITUDE ERROR PROPAGATION
RESULTING FROM ALIGNMENT

ATTITUDE ERRORS

RAMP SINUSOID CONSTANT SINUSOID CONSTANT
\ .
-1W,) D +W W D B_(0)cosW, ¢
h—x v_h'y | ._: X ie 2
- 7 sinW, t Wsz WhBX(O] + vaheym)
(W2D_ + W_W,D_)t ie w2 W w2
nPx ¥ W WDy ie +20 (0) sin W, t e
W 2 -W_D W. =z ie
. z ie
ie cos Wiet f
W,
° %9 ( o
~|W. 9. (0)+ W W 0}
+ D h7x v hy cosW, t
X sinw, t w2 ie
W, ie ie
ie
-IVWED + W W, D 8 {0) cos W__t 9 ,
T 2 E | sinW, t -Wy y Woe_(0) + W_W,08_(0)
2 w. ie ZD W.0 (0) V¥ 2V h'x
ie z
(vath * WvDy)t Wie ——-}%NL sinW; t Wie
W 2 +W. D ie
- z
ie —_—cos W, t
2 ie - o
1e ery(O) + WVWhBX(O)
- 3 coSs Wiet
+Dy Wie
w s sin W. t -
ie €
.
—(WhD - Wva) WhBV(O) - WVSX(O) ]
7 cos W, t W.D -W D W sinW, t
W, h™y v X ie
0 & w2 o : 0
D ie +9Z(0) cos W, _t
o smWiet
ie
Dx‘ Dy. Dz Gyro Drift Errors GX(D). ey(ﬂ), e 2.(0) Alignment Error

i

W. , W, W_ Earth Rate Parameters
e v h

System Orientation: x-North, y-Up, z-West




APPENDIX I
ERROR QUATERNION -BODY REFERENCE FRAME

This section derives the error quaternion in the body frame ( aeB) in terms
of a perfect quaternion ( ﬁp) and a computed gquaternion ( 'o]c) from the attitude

algorithm.

The perfect quaternion ( ap), assumed to be without error, transposes a true

velocity vector ('\-/'Bt) in the body frame from the inertial frame.
Vo =3 Ve (1-1)

The computed quaternion ( E]C) performs the same transformation function as
q_,however, because of compensation, quantization and bandwidth errorsthe resultant

velocity vector (\TIBC) will be in error,
q (1-2)

A quaternion. ﬁeb, is defined as the transformation quaternion between the

true velocity vector (vBt) and the algorithm indicated velocity vector (VBCJ

o
J— —_— i

VBt “ 9B Ve JeB (1-3)

Substituting the inertial frame equivalence for VBt and -VBC into the above

expression we have

T (I-4)

%, V18, " Gep G V1 % Gen
Thus

ﬁ; - aeB ac | -9
And

9B ~ (_1; % o

I-1



APPENDIX J
ERROR QUATERNION- INERTIAL REFERENCE FRAME

This section derives the error guaternion in the inertial frame ( ael) in terms
ofa perfect quaternion ( §_}and the computed quaternion ( E;['c). The perfect quaternion

is without error, therefore .‘}It is an arbitrary vector in the inertial frame.

Vit "% VB 9 (I-1)

Since 'ﬁc is an imperfect quaternion with compensation, quantization and
bandwidth errors, VIC is an arbitrary vector in the inertial frame indicated by the
algorithm

V. =q. V.

The relationship between irIt and -{}Ic is expressed by a transformation between

the two vectors.

— s

Vit = Ter Vic el (J-3)
Substituting (J-1) and (J-2) into (J-3) gives
ap vB ap = 9.1 9 vB az aZI (J-4).
'cip is therefore equivalent to g ; q_ and
Ger - 4, 4, (3-5)



APPENDIX K

Analysis of Error Quaternions in the Slew Environment

This text analyzes the effects of alignment errors, gyro scale factor errors,

and gyro drift in a single axis rotational environment on expected attitude error
propagation.

The study computes error quaternions defined in the body (g'leB) and inertial
(gey) reference frames from two quaternions; 1) the perfect {3 ) and 2) the

computed (ac) quaternion. The error quaternions are defined below as:
dep = 4 dc . (K-1)

Qer = qpﬁc* (K-2)

Alignment Errors

Figure K-1 is the orthogonal strapdown system with small angle alignment
errors {Ex. GZ) about the X and Z axes respectively.
Z

fx

' 7. .2 w :

€ v € 5
_-_J‘_YS’_ - X ‘ F4 Slew
E Axis

Fig. K-1 Strapdown Body Triad with Misalignment Errors.



Alignment errors such as fixture levelling error and gimbal non-orthogonal-
ities are easily calibrated and will not degrade the system attitude data if pro-
grammed into the software. It ig the alignment errors that are not calibrated
that concerns this analysis. The perfect quaternion (Elp}, a function entirely of the
system orientation is unaffected by alignment errors.

Thus:

Ejp = cos W, t/2 +7 sin wst/Z : (K-3)

The computed gquaternion (qc) because it is derived from the gyro angular
measurements will inherently contain the alignment errors. The computed

guaternion is expressed in (K-4) using small angle approximations:

Elc = cos w, t/2 +1 €, Sin w_ t/2 +j(1- \lexz +€,2) sin w_ t/2 - ke sin wstfz (K-4)

Using equations (K-1) and (K-2) error quaternions are formed and expressed

as follows:

1 T + e si t/2
4.p 1+151nwst/2(gzcoswst/2 Exsmwsl

-3¢ chz +622 sin W t/2 cos W t/2) (K-5})

+ & sin wg t/2 (EX sin wg t/2 - EXCOSwStfz)

-

Gy = 1 *+Tsinw, t/2 (€, sinw, t/2 - €, cos ty t/2)

- (K-6)
+73( \}ex%ezz sin w, t/2 cos w t/2

+% sin W, t/2 (EX Cos @ t/2 + €, S{n w, t/2)

Thus, alignment errors propagate attitude errors in both frames of reference
that are combinations of sinusoids. The sinusoidal amplitude is of the same mag-
nitude as the alignment error and the frequency is equal to the mechanical rotation
frequency.

Gyro Scale Factor Errors

Gyro scale factor errors affect the system attitude accuracy by the quality
of angular increment information inputted to the attitude algorithm, If each angular
increment ig in error, then an accumulation of attitude errors is expected in a
constantly rotating environment., This attitud_e accumulation (Bwe) is expressed
in the computed quaternion as follows:



Q. = cos (w + &we) /2 + i sin (w, + Awe) t/2 (K-7)

The perfect quaternion, a function only of the strapdown orientation, is
unaffected by scale factor errors.

Using equations (1) and (2}, error quaternion are formed and expressed as
follows: '

%B

q

= 1+jAwet/2 (K-8)

op = 1-TAwet/2 (K-9) .

Thus, in both frames of reference, scale factor errors propagate ramping
attitude errors with slopes that are proprotional to the scale factor error.

Gyro Drift

The effect of gyro drift is to impress body referenced drift rates about the
corresponding axes. For example, X and Z gyro drift errors (wDX and “n,
respectively) impress equivalent attitude drifts as described by the following earth

rate compensated quaternion:

“+Dx <Dz ‘
qD:COSthf2+1m—T51antf2 -I-kqsmw,rt/z . (K-10)
In a single axis constant rotating environment, the effect of rotation is

accounted for by pre-multiplying the above drift quaternion with a quaternion that
deseribes the rotation.

Thus, 9. = 9, 9p

Where, Q. = cos w t/2 +3 sin w_ t/2 (K-11)
p B - s

and G, = €08 w, t/2 cos W t/2 +

- “D “D
i =sinw, t/2 cos wy t/2 + == sinw,. t/2 sin w_t/2)
Wrp T B wT T s

+-j-cosz t/2 sin w, t/2 (K-12)
o [T3) .

- Dz . Dx . .

+k (_w_T cog L.Us t/2 sin W t/2 - —Q;sm W t/2 sin wstfz)



‘Using equations (1} and ( 2)‘ error quaternions can be formed and are
expressed as follows:

w

-YDx = “Dz
dep = €OS W t/2 cos w t+ 1—q sin th/2 + kTT sin w, t/2 (K-13)
-, “px u"Dx N
Qg = €08 Wy t/2 cos w.t - 1 { o sinw, t/2 sin wt + o sin wo, t/2 cos wst) :
- wa wa (19
+k { oo sinw.. t/2 sin nost - W sinw., t/2 cos wst)

For short test durations the small angle approximations, sin W t/2 =
@ t/2 is made, Thus gyro drift propagate as constant drift error rates in the
body frame and as growing sinusoidals in the inertial frame. As the body frame
rotates from the inertial frame the skewed orientation generates the growing
sinusoid in the inertial frame.



APPENDIX L
LAND NAVIGATION ALGORITHM AND ANALYSIS SOFTWARE

The inertially stablized land navigation difference equations are described as

follows:
1. A velocity vector (‘711) is computed from the velocity increments (A\_Tsn }
and corrections for the gravitational field (&\-fgn_ 1) and attitude damping
(Dn_l).
Vn ) Vn-1 * AVgn-l * AVsn - Dn-—l (L-1)
2. A position vector (Fn) in the inertial coordinate is determined from the
velocity vector,
- _ = At - _ _
S (Vn+ Vn--l} (L=-2)
3. A radial unit vector (ﬁn) along the positionvector (T"n) is computed from

a first order correction (E) for the unnormalized radial vector (ﬁ'n)

along rn).

E=1+%(1-T -0) | (L-3)
T =E-T
where RT is the geocentric radius.
4, The change in velocity due to the force of gravity (Avg) is found from
the acceleration vector (En) due to gravity,

g, -GT <
' (L.-4)

oAt L, - _

Ve, =3 B8y -8y

where G, is the acceleration magnitude due to gravity.



The velocity correction (]-Z)n) for attitude damping is determined from
the vertical errorin ?n (df‘n). Attitude is assumed fixed with the vertical
error damped to the altitude defined by RT. The damping coefficients

used include C1 = 2and C, = -1,

2

(L-5)
D, = C,dF, + CydF__,

The output from the land navigation algorithm is the position vector,
'i-'n. The data is initially stored in the H316 buffer for later transfer,
over the H316-DDP516 data link, to the digistore magnetic tape reader.
The magnetictape serves astheinterface to MAC programs that compute

and plot the following error parameters:

Latitude error in nautical miles is developed from a comparison of the
known latitude (42° 15' 56.38") to a computed latitude from the position
vector (arcsin —2%

r -r
n n

Longitude error in nautical miles is developed by comparing the
computed rotation in the equatorial plane from the position vector (arc

r
tan TX }) to a value based on the earth rotation rate and time,

r
X

Position error innautical milesis calculated as the root sum of squares

of the latitude and longitude errors.

North, east, and radial velocity errors are determined from the iime
differentials of the position vectors components ?X, Fy’ and 'fz
respectively. ' '

Altitude error is found from the difference between the pesition vector
height and the known earth geocentric radius.



APPENDIX M

H316 Diagnostic Software

Program Function

BHSF, BH72 A real time compensation algorithm, implemented to
calculate the body referenced acceleration and angular rate
vectors from gyro and accelerometer pulse inputs.

ROAHS A pulsebursting compensationanalysis program that cutputs
the histogram of pulse burst patterns.

RAFO Measures average float hangoff by averaging 512 successive
interpolator samples,

RTHRI An interpolator diagnostic program that prints twenty suc-
cessive interpolator states.

SHIS An interpolator diagnostic program that displays the
histogram of interpolator outputs.

RDET2 A RDE analysis program that prints the periodic cutputs of
both RDE channels, Periodicity is selected with a memory
content medification,

TS6TST A program to test the automatic gimbal positioner function
by translating operator inputs into computer commands,

DGPR Prints the contents of Digistore magnetic tapes,

Remote Terminal Sofiware

Program Function

ALIGN Computes system misalignment errors from twenty four
"accelerometer nulled" positions.

ALIGNCHK Verifies system misalignment calibration with end to end
computations that relate measurement data to computed
parameters. ' :

REFAXES Computes body referenced acceleration and angular rate

vectors with a direction cosine matrix,

XGYRO, YGYRO, Computes the static instrument coefficients using Cramer's
ZGYRO soluticn.
DYNAMIC - An alternative method to corwmpute the dynamic instrument

coefficients: scale factor and misalignment angles.

PX, PY, PZ Computes the anisoinertia coefficients.

M-1



SFPFM

PIPA 16

LANDNAV

QUATGEN

REGRESS

Computes the scale factor deviation from a nominal,

Computes accelerometer parameters by fitting a Fourier
series to multiposition data,

Compute latitude and longitude errors from the position
vector.

Computes quaternion errors based on system attitude data.

Performs a simple linear regression analysis.



APPENDIX N

Gimbal Alignment Error Definition and Calibration

Solution/
Alignment Calibration -
Term Definition Procedure
€
TR IL.eveling error of the tilt table in the ver- Optical Alignment
tical plane containing the Tilf Axis, Positive technique defined
when TA is rotated about the south vector, in JDC 00001
{(Apollo Documenta-
tion)
€TT Leveling error of the tilt table in the verti- JDC 0001 or 96,

GfX, Y., or Z
‘0GR

‘IGR

‘MGR

‘MGA

1GA |

€112 (x)

cal plane normal to the Tilt Axis.

Cumulative alignment errors between the
Table Fixed Axes and the Gimbal Case
Fixed Axes using small angle approxima-
tions.

Outer Gimbal Resolver alignment error
defined as the alignment difference between
the outer gimbal multi-speed resolver elec-
trical zero and the mechanical zero,

Inner Gimbal Resolver alignment error
defined as the alignment difference between
the inner gimbal multi-speed resolver
electrical zero and the mechanical zero,

Middle Gimbal Resolver alignment error
defined as the alignment difference between
the middle gimbal multi-speed resolver
electrical zero and the mechanical zero.

Middie Gimbal Axis Non-orthogonality error,
The rotation of the MGA with respect to the
OGA and represented as positive rotation of
MGA away from ZOG and YOG'

Inner Gimbal Non-orthogonality error. The
rotation of the IGA with respect to the MGA
and represented as positive rotation of IGA

away from YMG and XMG'

Alignment error between the cube 1 surface
1 normal and the Z reference axis about

Xref'

¢9 (Table N-1)

€fx JD0011
€ fy$23,$24
€fz62,85

$6, P7

016, 917

91, 82

016, 918

620, 621

610, 611



€12x (2) Alignment error between the cube 1 surface 912, 613
2 normal and the X reference axis about

Zref:
E21:v: {z} Alignment error between the cube 2, 61, 63
surface 1 normal and the X reference axis
about Zref: .
922 (%) Alignment error between the cube 2, 66, 48
surface 2 normal and the Z reference axis
about X .
ref
S50 , SO ,SOz Alignment rotation of the PIP case fixed SOx - 61, 95
Y triad (IRA, OA, PRA) about the output SO® - 919, 621
axis, sobz’ - 010, 615
“B A fictitious rotation of the n PIPA Case ®B, - 61, 64
n {either about its Output Axis (QA) or its GR* - 819, 622
Pendulous Reference Axis (PRA) that is a C"BZ - 610, 614

result of the PIP null kias and will pro-
duce a moment due to gravity equal in
gign and magnitude to the actual bias
moment.

*Each term is determined by the simultaneous solution as applicable from the
referenced equations in this column, The referenced equations are listed by
these symbols in Table N02. A typical solution example is shown in Table N-2.
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TABLE N-2 ALIGNMENT ERROR CALIBRATION POSITIONS AND EQUATIONS

Rotary Quter Middle Inner Nulling
Test Table Gimbal Gimbal Gimbal Accelerometer With
Positiori‘ Axis Axis Axis Axis Axis Orientation Alignment Errgr Equations
1 240° o 18¢° 0° X PIP (IA-W, PRA-D, OA-5) 01 =240+ € - ¢, - € + 80 -@
’ ’ TR fz MGR X bx
2 60 180° 180° 180° X PIP (IA-W, PRA-D, OA-S) 82 = 60°+ €xp - ¢t uort SO, - oy,
3" 240° 0° 180° 0° Cube #2, Surface #1 83 = 240% 4 oo -6 - quont G
4 0° 0° 180° 0° X PIP (IA-E, PRA-U, OA-S) 64 = 60°+ €rR - %z - fMGR* 0% T %y
5 240° 0” 1a0° 180° X PIP {IA-E, PRA-D, OA-N) 85 = 240°+ €1p - ¢ - eqap - SO, + o
6 240° 0° 180° 0° Z PIP {IA-N, PRA-U, OA-F) 6= 90° - er - € - fogR * frga - SO, - ap,
7 60° 0° o® o® Z PIP (IA-N, PRA-U, OA-E) #7 = 00° . ‘TT’; Cx* €ogr*t fraa - 90, - oy,
g* 240° 0° 180° 0°® Cube #2, Surface #2 #8=90% - err - e - Cogr* Goa b 22200
9 60° 180° 180° 0° Z PIP (IA-S, PRA-U, OA-W) po= 90% - eq + €t €OoGR " “rca t S0t @,
10 240° o® 180° 270° Z PIP {IA-W, PRA-U, OA-N) p10 = 240° ¢ CIR * €z - “MGR - 50z - %
1* 240° 0° 180° 270° Cube #1, Surface #1 611 = 240°+ €rp - € - Eygr €1 12(x)
12 240° 0° 180" 270° ¥ PIP (IA-S, PRA-D, OA-E) $12 = 90° - eqp - €, - €ocR * €Iga - SOyt 2.
13" 240° o° 180° 270° Cube #1, Surface #2 $13 = 90° - exp - € - €0ga t GGA - €12%(2)
14 240° o o® 270° Z PIP (IA-E, PRA-D, OA-N) p14 = 240% 4 €rr ~ Stz - fMGR - 502t %y
15 240° o° 0° 90 Z PIP (IA-W, PRA-D, QA-8) 815 = 240° + €0 - €, - emar * 5% © %,
16 150° 270° 0® o° Z PIP (IA-E, PRA-S, QA-D) 816 = 150% + € - €.t mea” ‘R - SPLt %,
17 150° 270° 180° o° 7 PIP (IA-E, PRA-N, OA-T7} 617 = 150° ¢ R €2 mant Gor’ SFLt %,
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TABLE N-2 (cont'd.)

Ratary Quter Middle Inner Nulling
Test Table Gimbal Gimbal Gimbal Accelerometer With
Pogition Axis Axis Axis Axis Axis Orientation Alignment Error Equations
18 150° go® 180° 180° Z PIF {IA-E, PRA-S, DA-D) 018 = 150% + €pp - €, - € €. -SP + @
4 4 TR fz MGA IGR z bz
o o o o ~ o _ . . _ R
1n 60 a0 30 0 Y PIF (IA-W, PRA-U, QA-N) pld = .50 + ETR " ffz ~ €MGA - F1GA ; SC):"r aby
0 0 0 o _ o
20 60 90 270 180 Y PIF (IA-E, PRA-D, OA-N) 929 = B0 + ETR - sz - CMGA + EIGA - SOy - qby
o o o 0 _ o _ _ _ _
21 60 90 ap 180 Y PIP (IA-W, PRA-D, QA-5) 621 = 6D + CTR Ffz {MGA GIGA + SOy aby
o o o o _ o _ _ . .
22 240 90 90 0 Y PIP (IA-E, PRA-D, OA-E} 622 = 240 + TR - Sz - *MGA - <IGA SO}r + aby
o a o o _ o
23 330 0 0 0 Z PIP (IA-N, PRA-W, OA-U} 623 = 99 - e ¥ _Efy+ MGA - €IGR - 5Pz - %hz
o o o o _ an0 )
24 150 180 0 180 Z PIP {(IA-N, PRA-W, OA-T) %24 = 90 - ETT - Efy + GMGA - E[GR - SPz ol
o
Calibration Examples: €MGR © &,ﬁ_l_z_t__}_ﬁlﬂ_ Cr ¥ €opR = 7 é 8

*
Test pogitions 3, P8, 611, and $13 calibrate the alignment between

the normal vector of the optical cubes and the body referenced axes x and z,




Appendix P- Static Calibration Positions and Egumtions.

CAL M1 CAL #2
v
xIA N
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Fig. P-1 Cardinal Calibration Positions- Gyro Orientation,
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Fig. P-3 Offset Calibration Positions Gyro Orientation.
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Appendix P

I. Gyro Calibration Equations -

A, Definitions

Wij - Measured Drift Rate of the i*h gyro (i = x, y, or z) in the
J b test position (j= 1, 2, ... , 12), Each Wij is calculated by
gcaling the accumulated gyro torque pulses during the calibration

interval. Thus, the units of Wij is radians per second.

GOi, GSi- Input axis misalignmenis of the ith gyro (i =x, y, or z})
from its reference axis due to rotation about the Output
or Spin Reference Axis respectively.

WIEV, WIEH-vertical and horizontal earth rate components respectively.

€5k .- gimbal and test table alignment errors, Definitions are given
in Appendix N,

B. Gyro Calibration Equations

Gyro drift parameters (NBD, ADIA, ADSRA, ADOA and major
compliance) are solved as a function of measured drift rate, earth rate and

gimbal alignment errors. Trigometric identities and small angle approximations
have been used.

" a) Gyro Normal bias drift about the IA, OA and SRA axes respectively
(merw
.- WX1+WX2 )
IBDX = > WIEH [GSX GIGR]

. WX5+WX6 i )
OBDX= -2227WED - wiEH [GOX eMGR] WIEV [€MG A]

SBDX = - w - WIEH



_ WY3+WY4
IBDY = - === + WIEH [GSy - g A}

WY1+WY2
2

sBDY = -WYSHWY6 - WIEH - WIEV lepr ¥ e * EOGR}

OBDY= + WIEH [GOy - o A}

 WZ54WZ6
IBDZ = - WEWED | wipn [GSZ + EIGA]

2
sppz WZLIWz2 - WIEH - WIEV |:€TT +ep t €OGR]

_ WZ3+WZzZ4 i
OBDZ= - 222942 4 WIEH [GOZ eIGR]

b) Acceleration Sensitive Drift along the input axis {meru/g)
_ WX2-WX1 i - :
ADIAX = “=55 025 +WIEV - WIEH (€ +ep, + EOGR]
. WY4-WY3 ) r
ADIAY = SE555554 WIEV - WIEH [cpptep, + EOGR]
. WZB-WZ5 r
ADIAZ = ~2257%£24 WIEV - WIEH _ETT+EfX+ fOGRJ
c) Acceleration Sensitive Drift along the spin axis (meru/g)
. WX3-WX4 )
ADSRAX = WELWAL 4 winy [eTT+st+ erGGA GOZ]
WYB-WY5
. ADSRAY = TSR3, WIRV [GOY - €a AJ
. WZ2-WZ1 )
ADSRAZ = WEZZWZL iy [GOZ €IGR:,
d) Acceleration Sensitive Drift along the output axis (meru/g)
_ WX6-WX5 i )
ADOAX = "282 4 WIRV [GSX - R Efz“mn]* WIEH [efy]
_WY1-WY2 )
apoAy = MELFELZL wigy [GSY *erp € EMGR]
- WIEH [efy + €MGA]
_WZ3-WZ4 ) )
ADOAZ = ===+ WIEV [Gsz tErR T €5y EMGR]
+ WIEH [efy + €y A]



e) Acceleration Squared Sensitive Drift or Major Compliance (meru/g)

A2DX =-WX7-WX8-21BDX- WIEH (€48 -2WIEV (+€p-¢p,) cos [45+GOX—£MGR]

= - - . - €
A2DY =-WY93-WY10-21BDY+ WIEH (cfym +2WIEV (€pp-€;,) cos [45+GOY+ MGR]
A2DZ =-WZ11-WZ12-21BDZ+ WIEH (€ny5') +2WIEV (€TR- Efz- EMGA) cos

, - - - JZ
[45+G0Y €rrtetCocrR™MGR EIGAEIT



Appendix P

II. Accelerometer Calibration

A, Definitions

‘Kij - average accelerometer pulse rate for the ith, accelerometer
(i =x, y, or z}in the jth calibration position (j=1, 2, ... 6}
Each kij is calculated by averaging the accumulated accelero-
meter pulses over the calibration interval,

-

g - gravitational acceleration

€, - gimbal and test table alignment errors. Definitions are given -

in Appendix N

B. Accelerometer Calibration Equations

The accelerometer parameters are solved as a function of the measured
pulse rates. Trigometric identities and small angle approximations have heen

used. The average scale factor and the scale factor difference are defined as:

srit + SFi”

SFAi 5

ASFi = SFi' - SFi~

The isolated PIPA parameters are shown to be:

a) Average Scale Factor, SFAi {(cm/sec/pulse)
- 28
SFAX = Zx1-Rx3
s 28
SFAY = g¥3-KY4
=28
SFAZ = R76-RZ5
b) Bias, ABi (cm/secz)

)

ABX = 1/2 SFAX (KX5+KX6) + g “MGA



c)

d).

e)

1/2 SFAX (KX3+KX4) + g€+ €, v€qap)

ABY = 1/2 SFAY(KY1+KY2)
=1/2 SFAY (KY5+KY8) + g (eTT +€fx+ € OGR)
ABZ =1/2 SFAZ (KZ3+KZ4)

1/2 SFAZ (KZ1+KZ2) - g(eTT+cfx+ GOGR)

Scale Factor Difference between +1 g positions, ASFi
{cm/{sec/pulse)

4ABX - 28FAX (KX1+KX2)
{KX1-KX2)

4ABY - 2SFAY (KY3+KY4)
(KY3-KY4)

ASFX =

ASFY =

ASFZ = 4ABZ - 2SFAZ (KZ6+KZ5)
KZ26-KZ ‘
Input axis misalignment due to a rotation about the output

axis SOi {radians)

SFAX (KX3-KX4) _ .

SOX = 28 IGA

_ SFAY (KX5-KX6) _
SOY = + g fIGA

_ SFAZ (KZ3-KZ4) ., .
S0OZ = T + TR ffz

Input axis misalignment due to a rotation about the

negative pendulum axis, SPi {(radians)

= SFAX (KX5-KX6) | ¢

SPX 3g TR ~ fz *CIGR
_ SFAY (KY1-KY2) }

S5PY = 2 + ETR Efz HMGR
_ _SFAZ (KZ1-KZ2) ._

SPZ 52 €IGR



APPENDIX Q

SYSTEM OPERATIONAL LOG

This operational log gives the description of the system event markers given in the

calibration curves, Q-1, Q-2, and @-3,

28 May 71

16 June T1

21 June 71

20 July 71

22 July 71

27 July 71

9 August 71

22 Sept. 71

Controlled system cooldown for planned air conditioner
maintenance, All system power shutdown with system in

‘calibration position #1 (X axis up; Y axis west and horizontal;

Z axis south and horizontal). System powered up 1 June
71,

Gyro wheels shut off due to voltage transient induced while
integrating the interpoclator electronics in the system. At
time of downmode, the system was rotating about the outer
gimbal axis in calibration position #5. Gyro wheels
operational 15 minutes after downmode, Accelerometer
loops were unaffected.

System powered down in calibration position #1 for system
clock repair,

Gyro wheels shut off due to voltage transient” from short in
the test sequencer electronics, Systemn orientation at time

© of downmode included all gimbals at 22.5© (Y axis up, X

axis horizontal, Z axis 45° down). Gyro wheels operaticnal
approximately 15 minutes after downmode, Accelerometer
loops were unaffected.

Gyro wheels shut off due to a voltage transient*while operating
system inautomatic mode. At time of downmede, all gimbals
were oriented to 909 (X axis up, Y axis east and horizontal,
Z axis north and horizontal), Time of downmode was
approximately 15 minutes, Accelerometer loops were unaf-
fected.

Gyro wheels shut off due to voltage tramsient’°= (source
unknown). At time of downmode, system was orientated in
calibration position #1. Time of downmode was ap-
proximately 15 minutes, Accelerometer loops were unaf-
ected.

Gyro wheels shut off due to voltage transient (400 hertz
supply fuse blew), At time of failure, system orientation
was inner and middle gimbalsat 0° and outer gimbal at 338°
(X axis east and horizontal, Y and Z axis 22.5¢ from
horizontal), System was cooled to room temperature
overnight to start gyro MB-2 (X axis).

System shut down due to accidental turn off of the lamp and
relay 28 volt power supply. At time of downmode, system
was oriented in calibration position #3 (X axis south and
horizontal, Y axis is vertically up and Z axis west and
horizontal), '



19 November 71

26 January 72

10 March 72

Gyro wheel shut off due to voliage transient*(source unknown),
At time of downmode, system was oriented in calibration
position #1. System cooled to room temperature inan attempt
to start gyro MB-2 (X axis). Gyro MB-2 was removed from
system 25 November and replaced with gyro 427A on 7
December 1971,

System shut down due to loss of gimbal coolant (circuit
breaker disconnected input 110vac power). Gyro 415 (Z axis)
hot temperaturealarm tripped to downmode system. At the
time of temperature alarm, the system was oriented with
IGA, MGA, and OGA set to 09, 135° and 177° respectively.
System cooled to room temperature overnight to start gyro
MB4 (Y axis).

System downmoded due to tripped gyro temperature alarm
(X axis cold alarm). At time of time of temperature alarm,
the system was oriented in calibration position #9 (IGA, MGA,
OGA = 270°, 315°, 1809). System was cooled to room
temperature to start gyro MB415 (Z axis). Gyro 415 was
removed 13 March 72 and replaced with gyro MB 422E on
24 May 1972, Inaddition to gyro MB415, the DART instrument
wheel element failed. No replacement DART instrument was
available. During the period 10 March to 24 May the gyro
torque loops scaling was increased by a factor of four,

* .
The system was mechanized with a gyro suspension monitor and interlock circuit
which proved to be overly sensitive to system voltage glitches. Inthe later phases
of the program, the circuit function was inhibited because the initial concern for
maintenance of suspension and signal generator voltage was outweighed by the re-
peated non-egsential system downmodes experienced.



Appendix Q- Gyro Long Term Drift Profilas,
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Appendix R - Dynamic Calibration Positions and Equations,

" CAL #1 ) CAL #7
IA
Iy
A ~N SA: N
QA 1
w : w
YI:A'/,L {__OGA :' C OGA
- ,
o 0GA = (° on=" 0GA = (°
e IGA=00 xk IGA = 0°
Zia s - 2700 9 = 1350
_ MGA = 270 MGA = 135
CAL #3 o CAL #3 |
SA—_/ /N ' YIAI O:.(‘N -
) |
w | w
2 - [ A ‘
ISA/OlA \‘ QGA : k-OGA
OA
Xix 06A = 0° ' 0GA = 0°
Sh 3 IGA = 270 54 ' IGA = 270
MGA = (° 5 MgA-315°
CAL #5 2 CAL#9.
b
U e N OA
OA |
SA w [
Xb-‘ I/ C —OGA : \-——OGA
SA |
0GA - 270 4/ 0GA = 27g
oA 1GA = 0°- IGA = 45
Yia § 0 SA
' MGA = 180 ' MGA = 180°

Figure R-1 Calibration Positions - Gyro Orientation.
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APPENDIX R

DYNAMIC CALIBRATION EQUATIONS

Definitions

POSITIVE OUTER GIMEBAL ROTATIONAL RATE

NGP.l.+: Number of positive or negative (A0 pulses accumu-
A lated for the ith gyro (x, y, or z} in the jth test position
for a slew about the positive {(P) OGA,

AD.P.: Magnitude of the angle driven {radians) about the OGA

11 for a positive slew rate, for the ith gyro in the jth cal--
ibration position,
T.Pi: Time (seconds) to complete total angle displacement
. AD,P;. '

NEGATIVE QUTER GIMBAL ROTATIONAL RATE

NGNi.+ : Number of positive or negative (+)A# pulses accumu-
1= lated for the ith gyro {x, y, or z} in the jth test position
for a negative (N} slew about OGA,

AD.N.: Magnitude of the angle driven (radians) about the OGA
] for a negative (N) slew rate, for the ith gyro in the jth
calibration position.

T.N.: Time (seconds) ta complete total angle displacement

] 1
ADjPi.

FLOAT OFFSET

AF.R: Average float offset of the ith gyro (i= x, y, or z)
defined by the linear relationship:

AF,R= FO, + (FM; - FO) R

Where: FO, is the float offset at zero input angular
ratd. FM, is the float offset at an input angular
rate of ond radian per second. R is the outer
gimbal angular rate,



EMGA:

EIGA:
EIGR:

EMGR:

NBD,:

ALIGNMENT ERRORS

- the middle gimbal axis non-orthogonality error.
- the inner gimbal axis non-orthogonality error.
- the inner gimbal resolver misalignment.

- the middle gimbal resolver misalignment.

GYRO DRIFT

Normal bias drift of the ith gyro (i= x, y, or z).



V-4

B. CALIBRATION EQUATIONS

Scale Factors (radian/ag)

SFGX+

SFGX-

(SFGY+)

(SFGY-)

(SFGZ+)

(SFGZ-)

+(AD5NX) Cos [GSX-EMGA-EIGR] Cos [GOX-EMGR+AFXR] - (NBDX)T5NX

Gyro Input Axis Misalignment Angles

Output Axis (OA) Misalignments (radians)

GOX

GOY

GOZ

(NGNX5+) '

+(AD5PX) Cos [GSX-EMGA-EIGR] Cos [GOX-EMGR-AFXR] + (NBDX)T5PX
(NGPX5-)

+{ADINY) Cos[GSY-EMGR] Cos[GOY+EMGA-EIGA+AFYR] - (NBDY)TINY
(NGNY1)

+(AD1PY) Cos [GSY-EMGR] Cos [GOY+EMGA-EIGA-AFYR] + (NBDY)T1PY
NGPY1-)

+AD3NZ Cos [GSZ-EMGR] Cos [GOZ-EIGR+EMGA+AFZR] - (NBDZ)T3NZ
(NGNZ3+)

+AD3PZ Cos [GSZ-EMGR] Cos [GOZ-EIGR+EMGA-AFZR] + (NBDZ)T3PZ
(NGPZ3-)

SFGXN [(NGNX1+) - (NGPX1 + (NGPX1-) - (NGNX1-)] - (NBDX) (T1PX - TINX) + EMGR

ADIPX + ADINX

SFGYN [{NGPY3+) - (NGNY3+) - (NGPY3-) + (NGNY3-)] + (NBDY) (T3PY - T3NY) EMGR

AD3FY + AD3NY

SFGZN [(NGPZ5+) - (NGNZ5+) - (NGPZ5-) + (NGNZ5-)] + (NBDZ) (T5PZ - T5NZ)

ADLSPZ + ADBNZ + EMGA + EIGR



§-d

Gyro Input Axis Misalignment Angles (Cont'd, )

Spin Ref. Axis (SRA) Misalignments (radians)

GSX

G8Y

GSZ

SFCGXN [(NGPX3+)-{(NGNX3+) + (NGPX3-) ~ (NGNX3-)] - NBDX(T 3PX-T3NX)

AD3SFX + AD3NX - EMGA + EIGR

SFGYN [(NGPY5+) - (NGNY5+} - (NGPY5-)+ (NGNY5-)] + NBDY(T5PY -TSNY)

ADSPY + ADSNY

SFGZN [(NGPZ1+) - (NGNZ1+) - (NGPZ1-)+(NGNZ1-)] + NBDZ(T3PZ-T3NZ)

+ EMGR

ADIPZ + ADINZ

Anisoinertia (seconds - time}

PX+

PX-

PY+

PY-

- EIGA + EMGA

2[-(NGPXT—) (SﬁGX-)+AD7PX sin[4 - GOX+EMGRH+F O+ ‘%(FM -FOy)}R] Cos[GSX - (EIGR) -‘%—EMGA] + {NBDX)T"{Px]
% sin 2 [7 - GOX+ EMGR+‘C(AFXR}]
, [FNGNXT) (SFGXH) - ADTNX Sin[] - GOX+EMGR - FOX-‘%—(FMX - FO4 )R] Cos [GSX - (EIGR) - *[%-_EMGA] + (NBDX}T‘?NX]
L ﬁ%%?%)z sin 2 [£- GOX+EMGR - \%_(AFXR)]

' [-(NGPY8-) (SFGY-)+ ADBPY Sin[§-GOY- EMGR+FO, +3 (FM v - FOLIR] Cos[GSY+-g(+EMGA) -EIGA] + (NEDY)TSPY']

L (ADBPY)
TE8PY

JENGNYBH (SFGY+) - ADSNY Sin [ - GOY-EMGR - FOy, —%—(FMY -FOL)R] Cos [GSY + (%) EMGA - EIGA] + (NBDY)T8NY]

Sin z[g-GOY-EMGRH E)AFYR] -

1 (ADSNY)®
TENY

Sin 2 [%—GOY—EMGR—(%) AFYR] -
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Anisoinertia (Cont'd. )

PZ+ =

PZ- -

|

-(NGPZ9-) (SFGZ-)+ ADIPZ Sin[} GOZ+EMGA+EIGR+ FO 7 +"3;(FMZ~F0 2V B] Cos[Gsz+ (‘%) (EIGA + EMGR)] + (NBDZ)T QPZ]

2
(ADIPZ)” . 7 o L)
T TONZ Sin 2 [ T GOZ - EMGA+EIGR+ f(AFZR}]

(NGNZ3+) {SFGZ-) - ADSNZ Sin[§- GOZ+EMGA + EIGR - FOZ-‘%(FMZ -FO,}R] Cos[GSZ + (ng) (EIGA + EMGR)] + (NBDZ)T QNZ]

d

2
(ADONZ)™ . T iz



Appendix §

Anisoinertia Sensitivity Analysis

This section establishes the sensitivity of the anisoinertia coefficient to

gyro scale factor errors, pulse count variations, and alignment errors.

Figure S5-1 establishes thaf, negative rotations about the outer gimbal axis

generates positive X gryoscope torque pulses that are described by the

expression:
(SF_") (a6)  =w_, + NBD +1/20 ) (w ) (K. (5-1)
X 1A IA SRA a
T
where
sp ¥ = positive scale factor (radians/pulse)
X
Aot = positive torque pulse (pulses)
T = test time interval (second}
NBD = Drift (radians/second)
“1A = Input axis rate (radians/second)
“SRA = Spin reference axis rate (radians/second)
+ . X . .
Ka = anisoinertia coefficient (radians/radians per second)

The input and spin reference axis rates (wIA‘ wSRA) can be defined with

an axis offest (¢) and alignment error (¢).

SRA
N
N |
Wy
b1¢ O Slew Axis

“1a /r)

Figure S-1: Anisoinertia Calibration Position with Alignment Uncertainties

5-1



= w_ gin (g+¢)

“1a " %s

(5-2)
cos (o4€)

“SRA=WS
Anisoinertia is explicitly solved by substituting the input and spin axis rates
into equation (5-1).
2(sF_")(a6") - (NBD) (T) 2
K = - —— - {5-3)
{T) (‘wsz) sin {+€) cos (G4c) wg cos {e4e)

Sensitivity functions are determined with partial differentiations of

anisoinertia with respect to each independent parameter.

The sensitivity to scale factor is determined by

+ +
8K, 286 (S-4)

BSFX+ ("I‘)ws2 sin (g+€) cos (p+c )

Note that, the total angular displacement (Tws) is pfoportional to the total
+
pulses accumulated (¢ ). Therefore, the scale factor sensitivity is simplified,
and found inversely affected only by the slew rate;
' +
8K, " 2K Ag
+ = where K=
BSFX , wg sin (p+€ } cos (6+¢€) - Twg

(5-5)

The sensitivity expression is bounded by 0 > 6 >7/2, and is found to be a
minimum when 6= 45°, At 6= 45° the sensitivity value is 4A8" .
“s
Thus, the anisoinertia sensitivity to scale factor decreases with increasing

rotational rates.

For a 40 arc seconds per pulse loop quantization, and a 4 revolution test
duration, the scale factor sensitivity is 0.079 « 10‘4 sec/PPM at 0.5 radians per
second and 0,158 x10™%
per ppm scale factor error interms of the anisoinertia coefficientis 8% at 0.5 radians

sec/PPM at 0. 25 radians per second. Hence, the error

per second and 16% at 0, 25 radians per second,

The sensivitivy of anisoinertia to the total pulse count is determined as:

asF t
b4

(Tws) (wS) sin (g+¢ ) cos {(p+¢)

+ (S-8)

BKa

+
OAG6



The pulse count sensitivity is inversely affected by slew rate and total
angular displacement. Thus a multi-revolution test would diminish the effect due
to pulse count uncertainties. The sensitivity to pulse counts is a minimum value
of 48F " when 6= 45°.

2
S

Tw

For a 40 are seconds per pulse loop quantization, and a 4 revolution test
duration, the pulse count sensitivity is 0. 61)&10_4 gec/pulse at 0,5 radians per
second and 1. 22 10_4 sec/pulse at 0,25 radians per second. The best solutionto

reduce the error sensitivity is to increase the number of revolutions per
test andto increase the speed. Hence, at 1 radian per second and at ten revolutions,

the error is 0. 061x10"4 sec/pulse or 6%,

The sensitivity of anisoinertia to alignment errors is determined to be:

oK * 2K, cos 2{e+¢) K., sin (g+€)
a = 12 + 2 5 (S-?}
Qe sin® 2(6+¢ ) cos” (6+€)
where
+ + .2
K, = $6F g ) -NBD(T) | 4 5
1 2w
Tws2 S

At 6= 45°, the first term reduces to zero and the sensitivity expression

simplifies to:

+
oK, o AE (S-8)
de  [0745°7 W@

S.

Thus, the anisoinertia sensitivity to alignment errors decreases with
increasing rotational rates. Note that the sensitivity function is bounded
by 9 > ¢ > /2 with singular points at 6=0 and #/2, ‘

For a 40 arc seconds per pulse loop quantization, and a 4 revolution test
duration the alignment sensitivity is 0, 136 x 10-‘Jﬂt sec, per arc second at 0,5
radians per second and 0.27 x 1074 sec. per arc second at 0, 25 radians per second.
These error magnitudes represent approximately 14% at 0. ‘5 radians per second
and 27% at 0. 25 radians per second.

5-3



APPENDIX U

Method of Least Squares

Introduction

This appendix is a brief presentation of the method of least squares as applied

to both a linear and non-linear model,
Linear Model

The linear model relates a known sequence of observations Yys wees ¥ to a
set of parameters by .o bq { to be determined) through a known nxq matrix (A)
so that

v = Ab (U-1)

The solution b is determined by minimizing the following guadratic risk

function,
R® - 5 - A0)T 7 - Ab) (U-2)
The resulting least squares estimate ig given by:
_T; - &5y 13Ty (U-3)
where KA is assumed to be non-singular,

Non-Linear Model

The least squares estimate for a non-linear model is obtained by first
linearizing the model using the first two terms of the Taylor series expansion
(Gauss-Newton method). The ncn-linear model is represented by

w.(‘ﬁ)‘

y=wb =[. _|° (U-4)
w_(b)
I
;(—5)' is expanded into a Taylor series as follows

w(b) = Ern‘:o) + T () (b —T:O) (U-5)



1 1 ... 1
b, b, db
jﬁ; Y = EE .BiZ_. . .&
0 b, db, Bbq

b=b

where -Eo ie the known nominal value of parameter vector -Eo'

Substituting (U-4) into (U-5) vields
y = w(bo) = J(bo) (b - bo)
For a solution by iteration, (U-7) becomes

— A — .y
Jb_ b -b_ )

- =4
y- W{bn-- n-1" *"n n-1

)=

By definition:

Equation (U-10) has the same form as (U-1), hence

A A A A
= _ =T 7 - = -1 =T & -
Ab = (J (bn-l) J(bn_l)) J (bn_l) ay

or

A
= = -1 =T
_ )J(bn_l)) J®

A
The iteration continues until Ab reaches a small predetermined value.

1 3b2 o

n-1

(U-6)

(T-7)

(U-8)

(U-9)

{(U-10)

(U-11)

(U-12)



APPENDIX V

Mathematical Analysis of the Model

This appendix shows the detailed mathematical analysis of an early model
which led to the removal of the Cos (6 -¢) term from the model,

C.1 BSingularity in the Matrix

The early model had the form

o . . 2
aind_y_Kb+K1 Sin (6 -¢)+K2 Sin® (6 - ¥)

+KI Sin (8 -t¢) Cos (0 =Y. {(V-1)

(@)

+ K, Cos (6 - )

In order to solve for the model coefficients in a least square sense, we first
obtain the matrix of partial derivatives of the form

A= [aij] = [—gi%] (V-2)

wherei=0, 1, ... 15 ranges over the data points and Kj is the jth coefficient. Th.e
partial derivatives have the same form for all i

-a"ilg’- = Sin (0 - )
2= sin? (6 -¥)
2
_a%L = Sin (8 ~¥) Cos (8 - ¢)
10

5 .
—a-y— = Cos {6 -¥)
Ko |

_gqu -K, Cos (¢ -4 -2K, Sin (6 - ¢) Cos (6 -¢)

(V-3)

Kig (1 - 2 Sin® (6.-¢)

+K Sin (0 - ¢)



Note, however, that the partial derivative with respect to the misalignment
angle ¥ ig a linear combination of the remaining partials

dy By 5
= K + Ky=t + 2K gy— (V-4)
By ThI03R, T RoaKk; 10 3K,

d Jy
-2 K -K
29K, 13K,

Now, this is true for all i; therefora, the column of partial derivatives with respect
to ¢ is redundant, However, one can not yet speak of singularities in the matrix
since only square matrices may have inverses in any case. It happens, however,
that the matrix we seek to invert for the least square method is ATA, which is
square. It will not be shown here, but it is true that if A has a redundant column
(or row) then ATA is singular and has no inverse. Therefore, the model as stated
in Equaticn {V-1} cannot be used in the least square method,

C.2 Ambiguity in the Model

The same result can be obtained if Equation (V-1) is expanded using the small
angle approximation (ignoring (!)2 terms), thus

y=Kb+K1[Sin 8-y Cose]

+K2 [Sin29 - 2¢ 8in6 Cos e]
(V-5)

+ Kig [Sine Cos6 + ¢ - 2¢Sin29]
+ Kq [COSB +¢Sine]

collecting like terms we have

Y= [Kb+¢Klo]

+ -Kl + qbKO]Sina

L2
+ K, - 2¢KIO:lSm ] (V-8)

-

-

+ ._KIO - 2¢K2]Sin ¢ Cos @

+ KO - ¢'K1] Cos 6




We now form a new set of model coefficients
Kb' = Kb + ¢KIO

Ky' = Ky + UK,

Kz’ =K, - 2¢KIO {(V-7)

Koo' = K . - 20K

IO 10 2

Ko' = Kg - ¥K,
v-o

The last equation, a null equation, is of use leaving five equations and six unknowns,
Therefore, one of the unknown coefficients is completely arbitrary. In practice,
the model either does not converge in fifteen iterations or converges at some
arbitrary misalignment angle,



APPENDIX W

Least Square and Fourier Series Analysis Equivalence

This section proves the equivalence between a simple least square acceler-
ometer model that comprises bias, scale factor, the misalignment angle, and the
scale factor nonlinearity term to a fourier series expansion truncated at the

second harmonic,
" A simple least square model is given as follows:

- : .2 -
y = B, + K, Sm(G-t/J)+K251n {8 -i)

where
¥ is the accelerometer output
B0 is the null bias
Kl is the scale factor
K, is the scale factor non-linearity term
1 is the migalignment angle

Expanding the above equation and simplifying yields the truncated fourier expansion:

Ky (1+062) _ - T T
y=B,-—" 5 +K,Sino - t/)Kl Cos¢ - YK, Sin26 - ———5—Cos2¢
[y v rl [ . ”J L — . )
DC Components First Harmonics Second Harmonics

Thus, the truncated fourier series model is a least square solution consisting of

three parameters,

W-1





